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ABSTRACT 
Non-ferrous surfaces such as diamond-like carbon (DLC) coatings are becoming potential 
candidates for automotive engine parts because of fuel economy gains that these surfaces offer 
by operating with very low friction. In recent years, a wide range of DLC coatings have been 
developed and it is important to understand their film-forming, friction reduction and wear 
resistance mechanisms under lubricated conditions. 
This aim of the work described in this thesis is to improve our understanding of the tribological 
behaviour of DLC coatings with different engine oil additives. The main focus of the thesis is to 
study a wide range of available DLC coating types with currently available and widely-used 
additives such as ZDDP, friction modifiers, MoDTC etc., in order to establish general rules of 
their tribological behaviour that will help lubricant manufacturers produce new oil formulations.  
The research shows that tribofilms are formed on all DLCs by most of the currently used 
additives and that the film thickness depends on various factors such as type of DLC coating, 
doping elements present in the coatings, concentration of hydrogen and tungsten present in the 
coatings and the counterpart. Hydrogen-free coatings (a-C and ta-C) give lower boundary 
friction compared to the other coatings whereas hydrogenated amorphous carbon (a-C:H) 
coatings give better wear resistance properties. Study of a-C:H:W coatings shows that the 
concentration of tungsten present in the coatings has a significant influence on wear resistance 
properties but negligible influence on the friction properties when additives are present. 
The steel/steel couple is known to form a thick ZDDP tribofilm.  If one of the contact surfaces is 
coated with DLC, the tribofilm forming properties on the steel vary and, for some cases, the low 
boundary friction properties of DLCs are degraded. 
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  Chapter 1 
INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter gives a brief introduction to the problem, objectives of the 
current work and outline of the thesis 
24 
 
 
 
 
1.1 General Introduction                                                               . 
The efficient operation of automotive engine parts relies on functionally designed tribological 
interfaces, including their geometry, material selection, lubrication and roughness. These design 
parameters are however mutually dependent; for example, a change in geometry may require 
another choice of materials and roughness and this may force the lubrication regime to change. 
This shows the importance of each parameter, and an improper design will result in the 
interface operating with high friction and wear, leading to an early and sometimes a catastrophic 
failure. The importance of friction reduction and wear control must be emphasized, both for 
economic reasons and for long-term reliability. The savings achieved by proper tribological 
designs are significant and therefore much research in tribology is aimed at minimising the 
losses resulting from friction and wear. However, even for a properly designed interface, friction 
losses are bound to occur and cannot be avoided. There is a strong, competitive and stringent 
demand every year for lubricant and car manufacturers to reduce these friction losses, and 
hence to enhance the performance of automobiles, thereby reducing CO2 production.  
One approach to reducing engine friction is to apply advanced coatings on rubbing engine parts 
such as piston liners and cams. Diamond-like-carbon (DLC) coatings are new, promising 
surface coatings for automotive parts. DLCs and other coatings may offer much better 
tribological performance than steel in terms of friction and wear performance and are beginning 
to be introduced in engines. A great deal of work has been carried out in recent years, looking 
primarily at the compatibility and film-forming abilities of the most widely used lubricant additives 
with DLCs. However, many contradictory results exist in the literature and the friction reduction 
and wear mechanisms of DLCs are not yet clearly understood. This project aims to develop a 
better understanding of lubricant additive behaviour with DLCs than exists at present and to 
establish general rules based on these findings. 
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1.2 Introduction to the problem                                                    . 
The boundary lubricating (friction modifier, antiwear/extreme pressure) additives used in current 
engine oils have evolved over many years to work effectively with ferrous surfaces such as steel 
and cast iron. In modern and future engines however, non-ferrous surfaces are becoming more 
and more widely used, both as surface coatings and also as bulk materials with the introduction 
of light weight materials. It is therefore essential to know whether existing additives are effective 
in reducing friction and wear of non-ferrous rubbing surfaces or whether new (and possibly 
better) additives can be found.  
1.3 Research Objectives                                                               . 
The overall aim of the project is to study the film-forming, friction and wear properties of engine 
oil boundary lubricant additives on different types of DLC coatings. The project will primarily 
investigate the behaviour of one antiwear additive (ZDDP) with and without a dispersant, two 
friction modifiers (GMO and MoDTC), detergents and functionalised polymer additives. Tests 
will also be carried out using non-standard additives (oleic acid) to explore possible additive-
surface interactions in further detail. Friction and wear tests will be carried out using MTM-SLIM 
(rolling-sliding) and MTM (pure sliding, reciprocating), respectively. In the MTM, tests will 
employ both a DLC surface rubbing against steel and DLC/DLC contact, the latter to highlight 
the specific contribution of additive/DLC surface interactions. Surface and chemical analysis 
such as SEM-EDX, AFM, ToF-SIMS, Raman spectroscopy and optical white light interferometer 
will be employed. The work will explore the nature and properties of the tribofilms (if any) 
formed on DLC surfaces by the additives of interest.  
The goal will be to develop an understanding of how the surfaces of interest differ from steel in 
their additive response and to determine how to achieve low friction and low wear on these 
surfaces. Overall, this study will bring out the similarities and differences in the behaviour of a 
range of additives on a wide range of DLC coatings. Ultimately, this may lead the lubricant 
manufacturers to be able to tailor currently available lubricants and additives or design new 
formulations that can work effectively with such surfaces. 
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1.4 Outline of thesis                                                                      . 
Chapter 2 contains a general background to lubrication regimes and to DLC coatings, including 
their applications.  
Chapter 3 introduces the materials and experimental methods used to investigate friction and 
wear in lubricated DLC contacts.  
Chapters 4 and 5-8 contain the friction and wear results for different DLC coatings with base oil 
and various additives, respectively. The differences and similarities in their friction and wear 
properties are highlighted.  
The main findings from the results presented in Chapters 4 to 8 are brought together and 
discussed in Chapter 9. 
Finally, Chapter 10 is a concluding chapter which highlights the key findings in the study and 
makes some suggestions for possible future work. 
27 
 
 
 
 
   Chapter 2 
BACKGROUND 
 
 
 
 
 
 
 
 
 
 
This chapter gives a brief background into ILSAC engine oil specifications, 
current understanding of boundary lubrication and of diamond-like carbon 
coatings. It then highlights deposition techniques for DLC coatings and 
finally outlines some potential applications. 
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2.1 Background to the Current Study                                          .                                                                               
. 
Vehicle manufacturers are facing ever more stringent legislation in three main areas namely, 
safety, exhaust emissions and fuel economy. Two of these, exhaust emissions and fuel 
economy, have a close connection with, and strong influence on, the design of the lubricants 
and tribological surfaces used in motor vehicles.  
One of the principle ways that engine manufacturers are reducing noxious exhaust emissions, 
such as NOx, soot particles and carbon monoxide, is to use an exhaust after-treatment system 
based on filters and catalysts.  However some of the additives employed in current lubricants, in 
particular those containing sulphur, phosphorus and metals, can reduce the useful life of these 
after-treatment systems. This has led to engine oil specifications which limit the content or 
volatility of additives containing these harmful materials. Currently, ILSAC GF-5 restricts the 
phosphorus content to 0.06% (min) - 0.08% (max.) and also places a limit on the proportion that 
can be lost from the lubricant during engine operation. Diesel engine manufacturers are also 
reducing the emission of NOx by the introduction of exhaust gas recirculation and retarded 
ignition timing. Both of these lead to an increase in soot content of lubricants during use. Such 
soot, in combination with existing antiwear additives such as ZDDP, can lead to an increase in 
wear. 
Legislation is now in force in most developed countries to promote improved fuel economy of 
vehicles.  There are several ways that vehicle manufacturers can address this requirement.  
These include the development of more efficient engine designs, reduction of vehicle air 
resistance and tyre losses, lowering of the mass of vehicles and reduction of the mechanical 
friction in engine and transmission components. Two of these strategies have a direct impact on 
lubricant design. Vehicle mass is being reduced by the introduction of lightweight materials such 
as Al/Si alloys and these provide very different lubrication challenges compared to ferrous 
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components. One of the principle ways that mechanical friction can be reduced is by using 
lower viscosity lubricants, with consequently lower hydrodynamic resistance.  However lower 
viscosity means thinner lubricant films and this can lead, in turn, to higher wear.  One of the 
main problems currently faced by component designers is how to move to lower viscosity 
lubricants while maintaining acceptable levels of wear. 
One possible solution to many of the above problems is to use surface coatings that provide 
lower friction and less wear than existing ferrous surfaces. This might enable the use of lower 
viscosity lubricants, provide low friction under extreme conditions and possibly even be a means 
of lubricating lightweight materials. One such family of coatings that looks particularly promising 
is diamond-like carbon (DLC). For DLC coatings to be effective in liquid lubricants they need to 
be compatible with the additives that are used in such lubricants to reduce friction and wear 
under thin film conditions.  Alternatively, new additives that are compatible with DLCs need to 
be found. There is considerable disagreement in the literature concerning the extent to which 
existing lubricant additives interact with DLC surfaces.  One reason for this is that there are, in 
practice, many different types of DLC and these probably do not all behave similarly. 
The aim of this project is to explore the extent to which some of the key lubricant additives used 
in engine oils interact with and influence the friction and wear properties of wide range of 
different types of DLC coatings. Since such interactions are likely to influence friction and wear 
primarily in boundary and mixed lubrication conditions, the following sections will describe first 
the basics of boundary lubrication and then the nature and preparation of DLC coatings. 
2.2 Lubrication Regimes                                                               . 
Depending on the application and operating conditions, liquid-lubricated rubbing contacts can 
operate in three main lubrication regimes – full-film, mixed and boundary lubrication. When the 
surfaces are fully separated by the hydrodynamic action of the lubricant and the load is totally 
carried by a pressurised liquid lubricant film, the contact operates in the full-film lubrication 
regime. When the surfaces are partially separated by lubricant film, i.e., the load is partially 
carried by the pressurised liquid lubricant film and partly by solid-solid contact, it operates in the 
mixed lubrication regime. In the boundary lubrication regime, hydrodynamic action of the 
lubricant is negligible and the load is totally carried by surface asperities or by tribofilm. A typical 
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curve showing the transition from full film to boundary lubrication, often called a Stribeck curve 
is shown in Fig. 2.1. This study focuses on the boundary lubrication properties of different 
additives on diamond-like carbon (DLC) coatings; thus a brief introduction to boundary 
lubrication is given in the following sections. 
 
 
 
 
 
 
 
Boundary lubrication is now recognized to result from chemical or physical interactions between 
the rubbing surfaces and components of a liquid or vapour lubricant which results in the 
formation of localized, low shear strength surface films that prevent or reduce the formation of 
high friction metallic junctions, wear or seizure. Although the origin, nature and properties of 
these boundary films are not well understood, a wide range of boundary lubricating films exist.  
These include surfactant monolayers, adsorbed polymers, tiny crystals of MoS2, etc. In general, 
most boundary lubricating films can be divided into solid-like and viscous-like [1] based on their 
friction behaviour in Stribeck curves as can be seen in Fig. 2.2. Solid-like boundary films provide 
a changed (normally reduced) friction coefficient at low speeds in the boundary lubrication 
regime, whereas viscous-like boundary films shift the Stribeck curve to the left, i.e. the 
mixed/boundary regime is reached at significantly lower speeds than in the absence of such 
films.  
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2.3 Lubricant Additives                                                                 .. 
A number of additives are normally added to lubricating oils to enhance or improve the latters‟ 
properties. These form broadly two groups, those which improve tribological and rheological 
properties such as friction, wear, seizure resistance and viscosity index and those that improve 
stability properties of the lubricated system such as antioxidancy, corrosion resistance, foaming 
resistance and, in engine oils, dispersancy and detergency. Some of these additives act in the 
bulk lubricant while others adsorb on the rubbing surfaces. Table 2.1, adapted from [1], lists the 
most widely-used additives in engine oils and their functions. 
Fig. 2.2 Stribeck Curves for (a) solid-like and (b) viscous-like boundary films 
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Fig. 2.2 (b) 
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2.4 DLC Coatings and their Classification                                  . 
Carbon exists in several forms – graphite, diamond, fullerenes, etc. All these are crystalline in 
nature and have varying properties that result from the type of carbon bonding present. In 
diamond, each carbon atom has four sp3 hybridised bonding orbitals and thus forms four single 
C-C bonds. With this number of bonds, macromolecules are produced and this bonding and 
structure provides properties such as high hardness, chemical inertness, optical transparency, 
low wear rate but high friction. On the other hand, in graphite, a well-known solid lubricant, each 
carbon has three sp2 hybridized bonding orbitals. This leads to a lamellar or layer lattice 
structure with strong bonding within each two dimensional sheet of bonded atoms but very wear 
bonding between adjacent sheets.  Graphite is consequently soft and provides low friction but 
high wear rate. Carbon also occurs in amorphous forms like soot, glassy carbon, carbon fibres 
and evaporated carbon in which there is a mixture of sp3 and sp2 bonding and crystal structures 
only exist at a very localized scale. The tribological properties of various forms of carbon 
Additive Type Typical Example Role 
Additives acting in the lubricant oil 
Antioxidants Thiophosphates, Sulfurized phenates 
Amines, Phenolic compounds, Salicylates 
Sulfurized oils and sulfur compounds 
Carbamates, Copper compounds 
To inhibit oxidation 
Viscosity Modifiers Polymethacrylates, Olefin co-polymers 
Styrene-butadiene co-polymers 
Hydrogenated polyisoprenes 
Lowering the viscosity-
temperature dependence 
Pour Point Improvers Polymethaacrylates 
Alkyl napthenates 
Improvement of low-temperature 
behaviour 
Foam Inhibitors Silicons, Polyethyleneglycolether Foam reduction 
Additives acting on the surface 
Antiwear Additives Zinc dithiophosphates, Sulphur additives 
Triarylphosphates, Chloro-paraffins 
To control/ reduce wear 
Friction Modifiers Molybdenum dithiophosphates 
Molybdenum dithiocarbamates 
Synthetic esters, Phosphonates, 
Molybdenum disulphide, Graphite 
To reduce friction coefficient 
Detergents/Dispersants Metal suphonates, Metal phenates, Metal 
phosphates, Metal salicylates, Succinimides 
Polymethacrylates with polar groups 
To minimize deposits onto metal 
surfaces 
Corrosion Inhibitors Fatty acid amides 
Overbased sulphonates 
Ethoxylated phenoles 
To prevent corrosion from 
oxygen and humidity 
Metal Deactivators Benzotriazole 
Thiodiazole 
To build up a protective 
passivating film 
Table 2.1 Widely used lubricant additives, reproduced from [1] 
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ranging from graphite to diamond-like can be tailored by surface engineering technologies (e.g. 
surface treatments and coating deposition). One typical example of this kind is the production of 
“diamond-like carbon” (DLC) coatings, which are essentially hard, amorphous structures 
containing both sp2 and sp3 bonded carbon, providing some of the properties of both diamond-
like (high hardness and wear resistance) and graphitic (low-friction). DLCs may contain 
amorphous carbon (a-C/ta-C) but may also be hydrogenated (a-C:H/ta-C:H), and the 
percentage of hydrogen in DLCs plays a vital role in determining friction and wear behaviour.  
Although the first use of DLCs was reported in 1971 by Aisenberg & Chabot [2], it was 
Robertson [3] who first produced a classification of DLC coatings based on the percentage of 
sp3 and hydrogen content in the film (Fig. 2.3). This identified various forms of amorphous 
carbon with their typical sp3 and hydrogen percentages; graphite (100 % sp2 and 0% sp3), 
amorphous carbon (a-C ~ 30-40 % sp3), hydrogenated amorphous carbon (a-C:H ~ 30-40 % 
sp3, 20-40 % H), tetrahedral amorphous carbon (ta-C ~ 80-90 % sp3), hydrogenated tetrahedral 
amorphous carbon (ta-C:H ~ 80-90 % sp3, 5-25% H), pure DLC or natural diamond (100 % sp3).  
 
 
 
 
 
 
 
 
 
Robertson‟s classification does not include doped-DLCs.  These are DLCs containing doping 
elements such as metals (W, Ti, etc) or non-metals (Si, B, etc) to tune/improve their mechanical 
and tribological properties. Inclusion of these new additions on to the Robertson‟s basic 
classification shown in Fig. 2.4 provides a complete set of potential DLC coatings for automotive 
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Fig. 2.3 Classification of DLC coatings, adapted from [3] 
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and other applications. The overall classification of the various types of DLC used today and 
their designation is summarised in Table 2.2 (adapted from [4]).  
 
 
 
 
 
 
 
 
Table 2.2 Various types of DLCs available today, adapted from [4] 
Designation Amorphous Carbon Films 
 
Doping 
additional 
elements 
Hydrogen-free Hydrogenated 
 Modified  Modified 
with 
metal 
With 
metal 
With non-
metal 
Predominating 
C-C bond type 
sp
2
 sp
3
 sp
2
 
sp
2
 or  
sp
3
 
sp
3
 sp
2
 sp
2
 
 
 
Designation 
Hydrogen- 
free 
amorphous 
carbon 
film 
Tetrahedral 
hydrogen- 
free 
amorphous 
carbon 
film 
Metal- 
containing 
hydrogen- 
free 
amorphous 
carbon 
film 
Hydro- 
genated 
amorphous 
carbon 
film 
Tetrahedral 
hydro- 
genated 
amorphous 
carbon 
film 
Metal- 
containing 
hydro- 
genated 
amorphous 
carbon 
film 
Modified 
hydro- 
genated 
amorphous 
carbon 
film 
Recommended 
abbreviation 
 
a-C 
 
ta-C 
 
a-C:Me 
 
a-C:H 
 
ta-C:H 
a-C:H:Me 
(Me = W, 
Ti, ...) 
a-C:H:X 
(X = Si, O, N, 
F, B, ...) 
Although the actual term „DLC‟ was originally given to a-C:H, nowadays it has become normal 
practice to name the whole family of carbon-based coatings as DLC coatings, with some 
indexing, like ta-C:H, W-DLC, Si-DLC, etc, to provide some detail of the type of carbon coating. 
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Fig. 2.4 Modified-classification of DLC coatings 
W-DLC, Si-DLC 
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2.5 Preparation of DLC Coatings                                                 . 
DLC coatings are a candidate coating for many applications, including automotive engine parts, 
magnetic storage devices, space applications, industrial bearings, artificial human joints, etc. 
This means each application may have a different substrate material, and the requirement of 
strong adhesion between substrate and the coating is important to prevent the coatings from 
delamination while in operation. A thin layer called an interlayer (generally Cr or Si or Ti) is 
normally introduced between the substrate and the coating in order to improve the adhesive 
strength. However, for some coatings an interlayer is not needed, meaning that the coating itself 
has good adhesive strength with the substrate.  
Physical vapour deposition (PVD) and chemical vapour deposition (CVD) have been the widely 
used and accepted techniques for depositing surface coatings for many years. There exist 
several sub-classifications among PVD and CVD techniques. Chemical vapour deposition 
(CVD), plasma enhanced chemical vapour deposition (PECVD), sputtering and filtered cathodic 
vacuum arc (FCVA) are the commonly-employed coating deposition techniques for DLCs. The 
deposition technique is chosen based on various factors including the kind of coatings required 
(layered, metal or non-metal doped, hydrogenated or hydrogen-free, etc), substrate material, 
whether or not an interlayer is needed, etc. For some techniques, the deposition temperature is 
a limitation as the substrate may lose some hardness at too high a temperature. The deposition 
methods for hydrogen-free a-Cs are DC, or RF (radio frequency) magnetron sputtering of 
graphite in Ar, cathodic arc (McKenzie 1996, P. Fallon 1993, M. Polo et al 2000), ion beam 
deposition (e.g.  Ar on graphite) and pulsed laser deposition (Merkulov et al 1998) [3]. The 
deposition methods for a-C:Hs are RF PECVD 13.6 MHz, reactive sputtering (RF, magnetron, 
unbalanced Ar + C2H2), ion beam (C2H2 + Ar) and high density plasmas in PECVD [electron 
cyclotron resonance, ECR (microwave), inductively coupled plasma (ICP) (RF), electron 
cyclotron wave resonance (ECWR), RF]. ta-Cs are produced by arc PVD. In general, coatings 
produced from solid carbon targets by magnetron sputtering, arc-PVD or laser ablation 
techniques are free of hydrogen and hence they are referred to as hydrogen-free DLC coatings. 
Coatings produced from hydrocarbon gases may contain large amounts of hydrogen in their 
amorphous structure and hence they are referred to as hydrogenated DLC coatings. A typical 
SEM cross section of a DLC coating on steel is shown in Fig. 2.5 and some of the commonly-
used deposition techniques are briefly discussed below (adapted from [5]). 
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2.5.1 PVD and Sputtering                                                                             . 
The basic principle by which the PVD techniques work is the condensation of vapours from a 
vacuum chamber. The extremely clean conditions created by vacuum and glow discharge result 
in good adhesion between the atoms of the coating materials and the atoms of the substrate. 
Sputtering is a kind of PVD technique where the coating material is bombarded by high-energy 
ions of heavy inert or reactive gases (usually argon), resulting in atoms being dislodged and 
ejected from the coating material. When these atoms reach the substrate, a very rapid 
condensation occurs. Since the coating material is transformed into vapour phase by 
mechanical (momentum exchange) rather than a chemical or thermal process, any material can 
be coated. A schematic of the sputtering process is shown in Fig. 2.6. 
 
 
 
 
Fig. 2.5 Typical cross section of a DLC coating  
(9 
layer  
Pt 
DLC 2.2µm 
Cr 
Steel substrate 
Bombardment of 
coating material by 
high energy ions 
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pump 
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+ 
- 
RF generator 
or DC power 
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Coating material 
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Coating 
Dislodgement 
of atoms 
Deposition of 
dislodged atoms 
Fig. 2.6 Schematic diagram of sputtering process, reproduced from [5] 
 
37 
 
2.5.2 CVD and PECVD                                                                                  . 
In CVD, the coating material is allowed to vapourise and the vapour is forced to flow towards 
the substrate either by pressure difference or by the action of a carrier gas. Since the vapour 
will condense on any relatively cool surface, all parts of the deposition system must be hotter 
than the vapour. Therefore the substrate is usually heated by electric resistance, inductance or 
infrared heating. A schematic of the CVD process is shown in Fig. 2.7. The requirement of high 
substrate temperature prevents the application of CVD to coat substrates which cannot 
withstand high temperatures. This limitation is overcome by PECVD technique, where the 
coating can be done at lower substrate temperatures, because high-energy electrons produced 
by glow discharge are used to break chemical bonds in a supply gas within the coating 
chamber, converting it to reactive species which then coat the substrate. A schematic of 
PECVD process is illustrated in Fig. 2.8. 
 
 
 
 
 
 
 
 
Fig. 2.7 Schematic diagram of CVD process, reproduced from [5] 
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Resistance heater 
Coating 
Substrate 
Exhaust 
Fig. 2.8 Schematic diagram of PECVD process, reproduced from [5] 
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2.5.3 FCVA                                                                                                     . 
This is a widely used PVD technique to produce hydrogen-free DLC coatings. Energetic carbon 
ions are produced by a vacuum arc discharge between a graphite cathode and grounded 
anode, i.e. an arc is initiated by touching the graphite cathode with a carbon striker and 
withdrawing it. The FCVA deposition process is shown in Fig. 2.9. 
 
 
 
 
 
2.6 Applications                                                                             . 
Although the current work is mainly targeted on automotive applications, DLC coatings have 
also been used or proposed for use in many other applications such as aerospace engines, 
magnetic storage devices, bearings used in industrial and space applications, AFM tips, artificial 
human joints and many more. In these applications, the principal reasons for using DLC 
coatings are their very low friction, high hardness, chemical inertness and wear resistance 
properties. A few interesting applications are briefly described below. 
Automotive applications 
Low friction and high wear resistance leading to fuel economy are the prime requirements of 
automotive applications. DLC coatings are a potential candidate for automotive engine parts 
such as cams and tappets, valve lifter, piston and cylinder, because of their excellent friction 
and wear-resisting properties. In the recent past, the most commonly considered DLC coatings 
Graphite target 
Plasma source 
Magnetic filter Substrate 
Striker 
Arc power supply 
C+ plasma 
Fig. 2.9 Schematic diagram of FCVA technique, reproduced from [3] 
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for automotive applications are a-C:H, ta-C and W-DLC coatings. However, not many car 
manufacturers have implemented DLC coatings in actual engines until very recently. The 
Nissan group in Japan has tested their engine valve lifters coated with hydrogen-free DLC 
coatings and demonstrated the excellent tribological properties of the coating with GMO-
containing formulated engine oil [6]. 
Magnetic Storage Devices 
Although DLC coatings have become popular only recently for its use in automotive engine 
parts, they have been widely used as carbon overcoats in hard disk drive applications for many 
years, mainly for their corrosion prevention. DLC coatings are employed in hard disk drives to 
protect the flying head element against wear, which may occur during disk start-up or shut down 
at the landing zone. DLC coatings also act as a wear barrier to prevent pole tip recession in 
tape head devices [7]. However, DLC coatings used in hard disk applications are very thin, of 
the order of 10 nm (or even less), compared to a relative thick (2 - 5 µm) coatings in automotive 
applications. 
Space applications 
DLC coatings have been recently used in ball bearings as a solid-lubricant coating for low-
friction performance [8]. Solid lubricants are widely used for the lubrication of space 
mechanisms operating under extreme conditions, such as ultrahigh vacuum, wide range of 
temperature, anti-gravity, absence of oxygen and presence of ionizing radiation. However, since 
space mechanisms are tested and qualified on earth, space mechanisms are required to 
operate in air as well. Therefore, consistent and steady performance of coatings is of great 
importance. MoS2 (molybdenum disulphide) is a well established and proven solid lubricant 
which meets the stringent demands of both space and earth to some extent. However, 
increasing needs of future space programs have driven the search for newer and better 
materials that can work under extreme conditions. DLC coatings, especially hydrogenated 
amorphous carbons (a-C:H with 50 at.%) have shown promising tribological properties (friction 
< 0.008 and wear x 10-5 mm3/Nm) in vacuum and are beginning to be introduced in space 
mechanisms. 
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Chapter 3 
MATERIALS AND TEST METHODS 
 
 
 
 
 
 
 
 
 
 
This chapter describes the test materials and test solutions used in this study, 
followed by the techniques used to characterise the properties of DLC 
coatings. It also describes the test methods employed to investigate friction 
and wear, and techniques used for surface analysis after tribological tests. 
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3.1 Test Materials                                                     .   
The primary test materials in this study are a wide range of diamond-like carbon (DLC) coatings 
available in the market today including six basic types, plus eight sub-types, totaling fourteen 
DLC coatings. All DLC coatings were deposited on steel substrates in the form of AISI 52100 
bearing steel balls and discs.  The surface roughness and hardness of the ball and disc 
substrates were very similar and were Rq = 10 nm and H = 760 VPN respectively. Uncoated 
AISI 52100 steel surfaces were studied for comparison. A typical coated and uncoated ball and 
disc specimens are shown in Fig. 3.1. The types and sub-types of DLC coating studied are 
listed in table 3.1. 
Fig. 3.1 Typical coated (left) and uncoated (right) ball and disc specimens 
(a) (b) 
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No DLC type Doping 
Element 
General 
Designation 
Designation 
used in this 
study 
1  
Metal doped DLCs 
(a-C:H:M) 
Tungsten 
(W) 
W-DLC a-C:H:W 1 
2 a-C:H:W 2 
3 Tungsten 
(W)/ 
Tungsten 
carbide (WC) 
 
WC-DLC 
a-C:H:W 3 
4 a-C:H:W 4 
5 Non-metal doped DLC (a-C:H:X) Silicon Si-DLC Si-DLC 
6 Tetrahedral amorphous carbon 
(ta-C) 
None ta-C ta-C 1 
7 ta-C 2 
8 Hydrogenated tetrahedral 
amorphous carbon (ta-C:H) 
None ta-C:H ta-C:H 
9 Amorphous carbon (a-C) None a-C a-C 
10  
Hydrogenated  amorphous carbon 
(a-C:H) 
None  
 
a-C:H 
a-C:H 1 
11 None a-C:H 2 
12 None a-C:H 3 
13 None a-C:H 4 
14 None a-C:H 5 
15 AISI 52100 Steel None  Steel 
3.1.1 Characterisation of DLC Coatings                    . 
The DLC coating properties including surface roughness, hardness, elastic modulus, chemical 
composition, hydrogen, tungsten and sp3 content in the coatings, and coating structure were 
evaluated using a range of techniques. A brief description of techniques used to characterize 
the properties of DLC coatings in this study and the results of this characterization are 
presented in the following sections. 
3.1.1.1 Surface Roughness             .  
The ideal technique for surface roughness measurement would be truly contactless, objective, 
reproducible, statistically reliable and very rapid. White light interferometry is one of the best 
available techniques. It has been used for several years as a reliable non-contact optical 
profiling system for measuring step heights and surface roughness in many precision 
engineering applications. The surface roughnesses of all DLC coatings in this study were 
Table 3.1 Test materials used in this study 
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measured using a WYKO NT 9100 optical profiler that works on the principle of white light 
interferometry. The measurements can be carried out in one of the two available modes, PSI 
(phase shift interferometry) and VSI (vertical scanning interferometry) [9]. PSI mode allows 
measurement of smooth surfaces and small steps, while VSI mode allows rough surfaces and 
larger steps to be measured. PSI is reliable for surfaces in which the height change between 
two adjacent points is not more than approximately 160 nm (= λ/4 for a nominal measurement 
wavelength, λ of 640 nm) but measurements will encounter integration errors when used for 
higher steps. Because of this limitation, ZDDP tribofilms (which can form films which are 100 – 
200 nm thick) cannot be measured using PSI. For this reason, all measurements in this study 
were carried out using VSI mode. The vertical resolution of VSI mode is less than 1 nm.   
The images were obtained using a field of view of unity, corresponding to a scan size of 234 µm 
x 312 µm. A 100 µm x 100 µm subregion of each sample surface is shown in Fig. 3.2. All 
surface parameters were measured over the 234 µm x 312 µm scan size. The measurements 
were repeated at five locations in order to obtain a good statistical representation of the sample 
surface and the mean values are presented in table 3.2. In general, if surfaces have similar Ra 
or Rq values, then other surface parameters (e.g. skewness, kurtosis [9]) can be used to 
distinguish the surfaces. A brief description and importance of each parameter are given in 
Appendix 1 (reproduced from [10]) and detailed properties of DLCs investigated in the current 
work are given in table 2a in Appendix 1. 
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a-C:H:W 1 a-C:H:W 2 
Si-DLC ta-C 1 
ta-C 2 ta-C:H 
a-C:H:W 4 a-C:H:W 3 
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a-C a-C:H 1 
a-C:H 2 
a-C:H 5 
a-C:H 4 
a-C:H 3 
AISI 52100 Steel 
Fig. 3.2 Sample surfaces of DLC 
coatings investigated in this study 
46 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.1.2 Hardness and Elastic Modulus Measurements                    . 
The hardness and elastic modulus of all DLC coatings were measured using a Fischerscope 
HM2000 which works on a method according to ISO 14577-1. Using a load cell with user-
defined load, the Vickers indenter is continuously pressed into the sample with an increasing 
load, and then unloaded. The corresponding indentation is measured at the same time. Taking 
into account the geometric relationship between the indentation depth and shape of the 
indenter, the instrument automatically provides the conversion of indentation hardness into 
Vickers hardness (HV) and also in GPa. The measurements were carried out at Fischer 
Instrumentation (G.B.) Ltd, Lymington, England. 
All measurements were carried out at 5 mN load and for 0.2 µm indentation depth. The 
indentation depth was chosen according to ISO 14577-1 which states that it should be less than 
10% of the total layer thickness of the coating to avoid any influence of the substrate material 
[11]. Measurements were taken at six different locations in order to obtain a good statistical 
representation of the sample‟s properties. Mean values of hardness and elastic modulus for all 
DLC coatings are presented in table 3.6 in section 3.1.2 below.  
 
No 
 
Designation 
Surface Roughness 
Ra 
(nm) 
Rq 
(nm) 
1 a-C:H:W 1 10 18 
2 a-C:H:W 2 25 35 
3 a-C:H:W 3 9 14 
4 a-C:H:W 4 30 66 
5 Si-DLC 22 28 
6 ta-C 1 23 41 
7 ta-C 2 26 45 
8 ta-C:H 45 90 
9 a-C 10 16 
10 a-C:H 1 10 14 
11 a-C:H 2 16 22 
12 a-C:H 3 10 12 
13 a-C:H 4 10 11 
14 a-C:H 5 10 14 
15 AISI 52100 
Steel 
7 10 
Table 3.2 Surface roughness of DLC coatings studied in this work 
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3.1.1.3 Chemical Composition Measurements             . 
The elemental composition of all DLC coatings was measured using a Hitachi S3400 VPSEM 
and Inca EDX system. EDX analyses the X-ray emitted by the sample surface when excited by 
charged particles. All SEM micrographs in this study were obtained at 15 kV accelerating 
voltage and 60 µA probe current. This corresponds to an approximate depth of penetration of 
about 1 – 1.5 µm, indicating that the data collected were from the bulk coating and not just from 
the surface, thus truly representing the composition of the coatings. A typical EDX spectrum is 
shown in Fig. 3.3. The EDX spectra were collected for a scan size of 100 µm x 100 µm and for a 
collection time of 60 s. At least three spectra were collected in order to obtain a good statistical 
representation of the sample surface and the average data in atomic % is presented in table 
3.3.  
 
 
 
 
 
 
No 
 
Designation 
Elemental Composition (at. %) 
C O Si Ti Cr Fe Co Ni Ag W 
1 a-C:H:W 1 84.8 - - - - 0.9 - 2.7 - 11.5 
2 a-C:H:W 2 89.7 - - - - - - 2.1 - 8.1 
3 a-C:H:W 3 75.8 8.6 - - - 0.6 1.9 - - 13.0 
4 a-C:H:W 4 77.0 4.4 - - - - 3.2 - - 15.2 
5 Si-DLC 90.8 4.0 4.5 0.5 - - - - - - 
6 ta-C 1 97.8 - - 1.2 - 0.9 - - - - 
7 ta-C 2 96.8 0.9 - - 0.1 2.0 - - - - 
8 ta-C:H 97.5 - - - - - - - - - 
9 a-C 95.1 - - - 0.1 - - - - - 
10 a-C:H 1 94.6 - - - 5.1 0.2 - - - - 
11 a-C:H 2 98.1 - - - 1.7 - - - 0.08 - 
12 a-C:H 3 98.9 - 1.0 - - - - - - - 
13 a-C:H 4 98.2 - 1.6 - - 0.1 - - - - 
14 a-C:H 5 93.4 - 4.5 - - 2.0 - - 0.11 - 
Table 3.3 Elemental Composition of DLC coatings studied in the current work 
Fig. 3.3 Typical EDX spectrum 
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3.1.1.4 Hydrogen and Tungsten Content Measurements           . 
The hydrogen (H) and tungsten (W) content in the coatings were measured using Rutherford 
backscattering spectrometry (RBS), non-Rutherford elastic backscattering spectrometry (EBS), 
elastic recoil detection analysis (ERD) and particle-induced X-ray emission (PIXE). These 
measurements were carried out at the University of Surrey Ion Beam Centre. 
RBS is an accurate, powerful and a thin film depth profiling technique typically carried out with 2 
MeV He beams. Higher energy and proton beams are typically used for depth profiling thicker 
films and for enhancing sensitivity to detect light elements with EBS. Hydrogen can be depth-
profiled using elastic forward recoil spectrometry (FRS, also known as ERD), which is the 
primary technique used to quantify hydrogen in thin films. The basic principle by which it works 
is that when a sample is mounted at a glancing angle with respect to an ion beam, the beam 
causes a minority of target atoms to be recoiled from the surface. The energy with which they 
recoil depends on their mass and recoil angle. At known geometries, energy dispersive 
detectors can thus identify and quantify the recoiled atoms. Depth profiles are obtained by 
deconvoluting the energy lost as the ions travel into and exit from the sample surface. PIXE has 
little depth resolution but can unambiguously identify elements and was used to quantify 
tungsten concentration in this study. Depth profiles were extracted automatically from RBS, 
EBS, ERD and PIXE spectra using the Surrey IBA DataFurnace software [12].  
EBS/RBS/PIXE data was obtained at 4480 keV 4He++. At this energy the entire thickness of the 
coatings could be analysed. The C signal is strongly non-Rutherford at this energy, permitting a 
direct signal to be obtained from this light element. The presence of (invisible) H can be inferred 
by subtraction. RBS/ERD data was obtained at 1433 keV 4He+. At this energy, only the surface 
region (about 0.3 µm) of the coatings could be analysed, and the (RBS) C signal was too small 
to observe where W was present. However, with ERD, a direct signal for H was present, and, 
using the C content observed with the high energy beam, the previously inferred H content 
could be determined with precision. Thus, the depth profile for the entire film was determined 
with a simultaneous self-consistent RBS/EBS/ERD analysis using two beam energies, and 
making use of qualitative information from PIXE to confirm the constituent elements in the 
coatings. The depth profiles of each DLC coatings are shown in Fig. 3.4. Most of the coatings 
were found to consist of more than one layer, each layer with different C/W and C/H ratio. The 
49 
 
concentrations of hydrogen and tungsten present in the coatings are listed in tables 3.4 and 3.5. 
Only the properties of top layer will be considered for the study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a-C:H:W 1 
12% W, 15% H 
a-C:H:W 2 
14% W, 15% H 
a-C:H:W 3 
18% W, 15% H 
a-C:H:W 4 
21% W  
15% H 
Si-DLC 
3% Si  
20% H 
ta-C 1 
1% H 
ta-C 2 
1% H 
a-C 
1% H 
a-C:H 1 
17% H 
a-C:H 2 
18% H 20% H 
a-C:H 3 
a-C:H 4 
22% H 
a-C:H 5 
25% H 
Fig. 3.4 Depth profiles of DLC coatings studied in this work 
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DLC 
Layer 1 (at. %) Layer 2 (at. %) Layer 3 (at. %) 
Si C H Si C H Si C H 
Si-DLC 3.2 76.5 20 - - - - - - 
ta-C 1 - 99.0 1.0 - - - - - - 
ta-C 2 0.004 98.8 1.1 - - - - - - 
a-C - 94.8 1.0 - - - - - - 
a-C:H 1 - 82.5 17.0 - 100.0 - - - - 
a-C:H 2 - 82.1 18.1 - 100.0 - - - - 
a-C:H 3 0.06 79.6 20.3 - - - - - - 
a-C:H 4 - 78.4 21.6 3.5 78.9 17.6 - 90.7 9.3 
a-C:H 5 - 75.4 24.6 - - - - - - 
3.1.1.5 sp3 Content Measurements               . 
The relative proportions of sp2 versus sp3 content in the coating have been claimed to have a 
significant influence on tribological properties [13]. In the current study, Raman spectroscopy 
has been used to measure the sp3 content in the coatings. In Raman, the test sample is 
illuminated with a laser beam in the ultraviolet (UV), visible and near infrared (NIR) range. The 
scattered light from the sample surface is then collected with a lens and sent through 
interference filter or spectrophotometer to obtain a Raman spectrum of the test sample. The 
Raman spectrum of a carbon material normally consists of two peaks namely, D (disorder, at 
around 1320 cm-1) and G (graphite, at around 1580 cm-1). These peaks are used to derive sp3 
content in the coatings 
 
DLC 
Layer 1 (at. %) Layer 1 Layer 2 Layer 
3 
Layer 4 
W C H C/W C/W C/W C/W 
a-C:H:W1 12.5 59.2 15.4 4.76 3.87 0.70 - 
a-C:H:W 2 14.0 57.7 15.2 4.11 3.27 0.45 - 
a-C:H:W 3 17.7 49.1 14.6 2.78 1.24 1.83 - 
a-C:H:W 4 20.6 64.2 15.2 3.11 2.62 - - 
Table 3.4 Elemental composition for W-containing DLCs 
Table 3.5 Elemental composition for Si-DLC, ta-C, a-C and a-C:H coatings 
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In this study, the Raman measurements were carried out by the Nanomaterials and 
Spectroscopy Group at the University of Cambridge. The Raman spectra and sp3 contents of 
each DLC coatings studied were obtained using 244 nm and 514 nm lasers. Three spectra were 
taken on each DLC coating in order to obtain a good statistical representation and one 
spectrum on AISI 52100 steel was taken for reference. Some Raman spectra obtained using 
244 nm are shown in Fig. 3.5 and the sp3 contents are presented in table 3.6. 
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Fig. 3.5 Raman Spectra of DLC coatings studied in the current work 
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3.1.1.6 Morphology of DLC coatings               . 
The morphology of each DLC coating was obtained using AFM (Atomic Force Microscope). 
AFM is a very high-resolution type scanning probe microscopy, with resolution of the order of 
fractions of a nanometer. The AFM consists of a cantilever with a tiny tip at its end that is used 
to scan the sample surface. A schematic diagram showing the components of a typical AFM is 
shown in Fig. 3.6. When the tip is brought close to the sample surface, forces between the tip 
and the sample lead to a deflection of the cantilever. A laser spot reflected from the top of 
cantilever is used to measure the deflection. AFM and related scanning probe microscopy 
methods have remarkably improved our ability to do nano-tribological studies in recent years 
and are capable of the following measurements: 
(1) normal forces (contact force, Van der Waals force, capillary force, electrostatic force, 
magnetic force, etc)  
(2) surface topography (2D and 3D profiles, roughness, line profiles, etc)  
(3) lateral forces (friction)  
(4) force-displacement curves (adhesive or attractive forces) and  
(5) nano-mechanical properties (hardness, elastic modulus, etc).  
AFM can be operated in two modes, contact mode (tip is in contact with the sample and scans 
the surface; mainly used for hard and rigid samples) and non-contact mode (the cantilever is 
vibrated at some distance above the surface; mainly useful for soft samples). The AFM facility 
at The University of Nottingham was used to carry out the AFM studies, and all the 
measurements in this study were carried out in contact mode. 
 
Sample 
Cantilever 
Tip 
Laser 
Photo Detector 
Fig. 3.6 Schematic diagram of a typical AFM (in contact mode) 
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The AFM used in this study is a D3000 with a NanoScope IIIa controller from Veeco 
Instruments. All topographic and lateral force (LF) images in this study were obtained using a 
silicon nitride tip with the following settings: scan size = 2 µm x 2 µm (5 µm x 5 µm, 10 µm x 10 
µm and 20 µm x 20 µm were also taken), scan rate = 3 Hz, scan angle = 900 (friction is obtained 
by tip twist, which is sensitive in 900) and samples/line = 512 (max.). It is important to apply 
same contact load for all AFM measurements (especially for LF/friction) in order to compare 
lateral forces of all DLC coatings and as a result to quantify friction. Below is the procedure 
explaining how the measurements were carried out. 
(a) Firstly, force-displacement (F-S) curve was taken to find the right contact load at which 
the topography can be obtained without damaging the tribofilms (if any) or the sample 
surface. A typical force curve is shown in Fig. 3.7 (a), where the tip approaches from „a‟ 
and contact is established at „b‟. „b to c‟ is the contact zone and loading of the sample 
occurs in this zone. The loading force in the contact zone has to be found and applied 
for all AFM measurements.  
 
 
 
 
(b) Secondly, loading force was found by a trial and error method. This was done in imaging 
mode by first reducing the set point to make sure no contact was established (thus 
topography image will be darker). Then, the set point value was increased gradually 
(also made sure the tribofilms/sample was not loaded too much) to find the set point 
value at which a good topographic image was obtainable.  In this study, 1.5 V was found 
to be suitable. This was repeated for all samples to make sure that 1.5 V was sufficient 
to obtain good topographic images. Then, 1.5 V was applied for all AFM measurements. 
This was done in the force mode (F-S curve) by keeping the free level [shown in Fig. 3.7 
(b)] 0.5 V below the set point (by changing the set point) and then 1 V was added to the 
current set point. Thus the total was set to 1.5 V. Finally, topography and lateral force 
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c Fig. 3.7 (a) F-S curve 
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images were acquired in the imaging mode. This procedure was repeated for all 
samples. 
The topography and lateral force images are normalised to a common vertical scale of 0 to 60 
nm and 0 to 120 mV, respectively, so the images can be compared visually. A brighter contrast 
in topography and lateral force images indicates high height and friction respectively while 
darker contrast indicates low height and friction. The topographic images of all the as-deposited 
DLC coatings before conducting tribological tests are shown in Fig. 3.8 (a). The derivative of 
topography shown in Fig. 3.8 (b) enhances boundaries and thus provides a clearer view of 
topographic features. 
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Fig. 3.8 (a) Topography and (b) its derivative of all DLC coatings studied in the current work; 
vertical scale = 0 - 60 nm 
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3.1.2 Properties of DLC Coatings                 .   
The properties of each DLC coatings, as characterized using the above techniques, are listed in 
table 3.6. It can be seen from table 3.6 that ta-Cs have relatively large surface roughness, high 
hardness and elastic modulus, and high sp3 content compared to the other coatings. In terms of 
hardness these are followed by a-C:Hs, a-C, W and Si-containing DLCs.  
 
 
DLC 
No 
 
Designation 
No. of 
layers 
Adhesion 
layer/ 
inclusions* 
Roughness 
Ra (nm) 
Hardness 
(HV) 
Elastic 
Modulus 
(GPa) 
H  
(at.%) 
W  
(at.%
) 
sp
3
  
(%) 
Coating 
Thickness 
(µm)
*
 
1 a-C:H:W 1 2 Cr 10 1183±80 135±5 15 12 20 2 – 3 
2 a-C:H:W 2 4 Cr 25 1250±80 140±7 15 14 25 4 – 5 
3 a-C:H:W 3 3 
*
Graphite 9 1318±35 165±3 15 18 15 1 - 5 
4 a-C:H:W 4 3 - 30 1190±60 118±6 15 21 20 4 
5 Si-DLC 1 Ti 22 1315±130 90±3 20 - 30 3 
6 ta-C 1 1 Ti 23 4510±620 407±45 1 - 40 2.5 
7 ta-C 2 1 - 26 6793±350 473±25 1 - 75 2.5 
8 ta-C:H 1 - 45 3162±40 204±5 20 - 60 2 
9 a-C 1 Cr 10 2534±62 155±3 1 - 15 3 
10 a-C:H 1 2 Cr 10 2365±87 197±5 17 - 35 2 – 3 
11 a-C:H 2 2 Cr 16 2500±76 200±6 18 - 35 2 - 4 
12 a-C:H 3 1 - 10 2460±145 175±7 20 - 25 3 
13 a-C:H 4 3 Si 10 2500±60 183±2 22 - 35 3 
14 a-C:H 5 1 Si 10 2372±140 172±7 25 - 38 3 
15 AISI 52100 
Steel 
- - 10 760±10 210±5 - - - - 
Table 3.6 Properties of DLC coatings used in this study 
*values obtained from manufacturers 
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3.1.2.1 Significance of material selection              . 
The selection of DLC coatings was made carefully in order to study the influence of a range of 
parameters (H%, W%, sp2/sp3, etc) and thus to improve our understanding of the behaviour of 
all DLC coatings with different engine oil additives. One example from each of the seven basic 
types was selected, namely a-C:H:W (DLC 3), a-C:H:WC (DLC 2), Si-DLC (DLC 5), ta-C (DLC 
7), ta-C:H (DLC 8), a-C (DLC 9) and a-C:H (DLC 12) for detailed comparison. These are 
different in terms of their properties (Table 3.6) and were chosen to explore the similarities and 
differences in their tribological behaviour. 
Five a-C:H coatings (DLCs 10 - 14) having varied hydrogen content (17, 18, 20, 22 and 25 at.% 
H) were chosen to study the influence of hydrogen concentration on tribological properties.   
Hydrogen-free DLCs (a-C and ta-Cs) and their hydrogenated versions (a-C:H and ta-C:H) were 
chosen to study the influence of hydrogen on tribological properties.  
Four W-containing DLCs were chosen in such a way they all have same hydrogen content (15 
at.%) but varied tungsten content (12, 14, 18 and 21 at.% W) in order to study the influence of 
tungsten concentration on tribological properties.  
3.2 Test Lubricants and Additives               . 
The base oil used in this study was an API group III base oil called Yubase 4, supplied by BP 
and originating from SK Lubricants. It had a viscosity of 15.94 cP at 40ºC and 4.26 cP at 100ºC 
(the test temperature). A range of widely-used lubricant additives including an antiwear additive, 
three friction modifiers, a dispersant, a detergent, two functionalized polymers and a metal-free 
antiwear additive were studied. Ten test solutions were prepared and the concentration of each 
additive was chosen based on the available literature, so that results are relevant to practice. 
The details of these test solutions are listed in table 3.7.  
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3.3 Test Methods                  . 
Two tribological tests, a friction test and a wear test, were carried out on all DLC coatings. Both 
the tests were carried out on a minitraction machine (MTM) and the details of each test are 
described in the following sections. 
3.3.1 MTM Friction Testing                 .  
Many practical components, such as cams and gears, operate in mixed rolling-sliding. In order 
to simulate these conditions, a rolling-sliding MTM from PCS Instruments, London, was used in 
this study. The MTM is a ball-on-disc type test rig in which a steel (in the current study) or DLC-
coated ball is loaded against a steel or DLC-coated disc. The disc is held in a bath containing a 
test lubricant so that the contact between the ball and disc is fully immersed at a controlled 
No. Additive Category Lubricants and additives Test Solution Composition 
1 Base oil Yubase 4 base oil Pure base oil (BO) 
2 Anti-wear (AW) Primary zinc 
dialkyldithiophosphate (ZDDP)  
BO + 0.08% P ZDDP 
3 Dispersant Mono polyisobutyl succinimide 
polyamine 
BO + 0.08%P ZDDP + 0.1%N 
Dispersant 
4 
5 
6 
Friction Modifiers 
(FM) 
Glyceryl monoleate (GMO) 
Oleic acid 
Molybdenum 
dialkyldithiocarbamate 
(MoDTC) 
BO + 1 wt% GMO 
BO + 1 wt% Oleic acid 
BO + 0.3 wt% MoDTC 
7 Detergent (C) Overbased Calcium Sulfonate  BO + 2.5 wt% Detergent 
8 
9 
Polymers Olefin copolymers 
Dispersant Polymer (H5777) 
Non-dispersant Polymer 
(H5751) 
BO + 4 wt% Disp. Polymer 
BO + 4 wt% Non-disp. Polymer 
10 Metal-free AW DURAD 310 M BO + 0.08% P, DURAD 310 M 
Table 3.7 Test Solutions used in this study 
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temperature. The slide-roll ratio is controlled independently by driving both the ball and disk with 
separate, computer-controlled motors. The MTM test rig is shown schematically in Fig. 3.9.  
 
 
 
 
The MTM test rig is capable of carrying out the following studies for lubricated contacts: 
(1) Full film EHL friction: In this test, the entrainment or mean rolling speed is held constant 
and the friction coefficient is measured over a series of slide-roll ratios (SRR). This 
produces a curve of EHL friction versus SRR, called a traction curve (full film EHL 
friction is often referred to as traction). This test is mainly used to study the EHL regime 
and hence was not employed in this study. 
2
)(
db
db
UU
UU
SpeedRollingMean
SpeedSliding
SRR       …… Eq. (1) 
where, SRR - slide-roll ratio (%) 
  Ub - speed of the ball (m/s) 
  Ud - speed of the disc (m/s) 
(2) Boundary/mixed lubricating properties: In this protocol, the SRR is held constant and 
friction coefficient is measured over a series of entrainment speeds, to produce Stribeck 
curves. This type of test provides information about how friction coefficient varies with 
rolling speed and thus with fluid film thickness or lambda ratio. A typical Stribeck curve 
obtained for an a-C:H coating in base oil is shown in Fig. 3.10. The transition from low 
Fig. 3.9 Schematic diagram of MTM test rig 
Lubricant Film 
Force Transducer 
Load 
Lubricant 
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friction at high speeds (full film EHL lubrication) to high friction at low speed (mixed and 
boundary lubrication regimes) can be clearly seen. 
 
 
 
 
 
(3) Tribofilm growth using SLIM: The spacer layer imaging (SLIM) is an additional feature in 
the MTM to monitor the formation of tribofilm and its growth rate during a test. The SLIM 
uses optical interferometry to measure tribofilms on the samples as they form during the 
test. To perform the test the steel ball is loaded against the steel or DLC coated disc and 
run under mixed rolling-sliding conditions for a fixed duration. To make the 
measurement, periodically throughout the test the steel ball is stopped and then loaded 
upward against the glass disc coated with a chromium and silica layer, as shown in Fig. 
3.11.  
 
 
 
 
 
 
Fig. 3.10 Typical Stribeck curve obtained using MTM 
for a-C:H/a-C:H tribopair in base oil 
Fig. 3.11 Schematic diagram of MTM-SLIM test 
rig 
Lubricant 
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with spacer 
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The SLIM technique works on the following principle. The contact is illuminated by a 
white light source directed down a microscope and through the glass disc. Part of the 
light is reflected from the chrome layer on the disc and part travels through the silica 
layer and any tribofilm and is reflected back from the steel ball. The recombining light 
paths form an interference image which is focused onto the imager of a high resolution 
RGB camera. The camera image is captured by a digital frame grabber and is analysed 
by the control software to determine a film thickness. The principle of this measurement 
is shown in Fig. 3.12.  
 
 
 
 
  
 
When used in tandem with friction measurement, this process provides real time information of 
both the chemical and physical effects of the films formed in the contact. A typical series of 
SLIM interference images obtained for a-C:H (disc)/Steel (ball) in ZDDP solution is shown in 
Fig. 3.13. The film build-up on the ball over time can be clearly seen. 
 
 
 
Fig. 3.12 Optical interference technique used to 
measure film thickness 
White light  
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Fig. 3.13 Typical series of SLIM interference images obtained for an a-C:H (disc)/steel 
(ball) tribopair in ZDDP solution  
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3.3.1.1 Test Strategy in Friction Tests               . 
In the current work, friction coefficient was measured as a function of mean rolling speed at a 
fixed slide-roll ratio of 50% (Eq. 1, section 3.3.1), at a constant load of 31 N, corresponding to a 
maximum Hertzian contact pressure of about 1-1.25 GPa (depends slightly on coating 
hardness), under lubricated conditions at a test temperature of 1000C. The test rig, test rig 
accessories and test samples (ball and disc) were cleaned successively in toluene and iso-
propanol before a test was performed. Each friction test was performed using a new set of ball, 
disc and lubricant sample. Table 3.8 lists the test conditions employed for MTM friction tests. 
Normally, optical interference techniques are applicable for reflective surfaces such as steel, but 
DLC coatings are highly transparent (anti-reflecting) and dark in colour, thus SLIM technique 
may not be able to measure film thickness. Also, due to the high roughness/hardness, DLC 
coatings were found to damage (e.g. crack) the glass disc in the SLIM set-up. Therefore, it was 
decided not to use SLIM for DLC/DLC contacts. Thus, SLIM was employed only for DLC/steel 
contacts, i.e., when a steel ball is tested against DLC disc. 
 
No. Item Test condition 
 
1. 
 
 
Test Rig 
 
Mini Traction Machine (MTM) 
 
2. Test Configuration 1 
(DLC/DLC) 
Disc Material 
Ball Material 
DLC coated AISI 52100 Steel 
DLC coated AISI 52100 Steel 
 
3. 
 
Test Configuration 2 
(DLC/Steel) 
Disc Material 
Ball Material 
DLC coated AISI 52100 Steel 
AISI 52100 Stainless Steel 
 
4. 
 
 
5. 
Test Configuration 3 
(Steel/Steel) 
 
Specimen Dimensions 
Disc Material 
Ball Material 
 
Disc diameter 
Ball diameter 
AISI 52100 Steel 
AISI 52100 Steel 
 
40 mm 
19 mm 
 
6. 
 
Test Conditions 
 
Test type 
SRR 
Speed 
Load 
Max. Hertz Contact Pressure 
Temperature 
Test Duration 
 
Rolling-sliding friction test 
50% 
0.007 – 3.5 m/s 
31 N 
1 – 1.25 GPa 
100ºC 
2 hours 
Table 3.8 Test conditions for MTM friction tests used in this study 
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A schematic of the test strategy adopted in this study is shown in Fig. 3.14. At the end of the 
tests, samples (both DLC and steel) were washed using cyclohexane to remove residual 
lubricant present on the sample surface. Samples were not wiped off after cyclohexane washing 
in order not to remove loosely held tribofilms (if any). Surface analysis was carried out on tested 
samples, normally on the discs as it is generally easier to carry out measurements on flat 
samples. The details of the surface and chemical analysis techniques employed in this study 
are described in the following sections.  
 
 
 
 
 
 
 
 
 
 
 
 
Before Immediate 5 min 15 min 30 min 
Fig. 3.14 Schematic diagram of test strategy adopted in this study 
MTM Friction Test 
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To understand the nature and morphology of tribofilms 
Raman Spectroscopy 
To identify surface graphitisation 
ToF-SIMS 
To understand the tribochemistry 
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3.3.1.2 Surface Characterisation After Friction Testing            . 
In order to understand tribological properties, such as film-forming, friction and wear reduction 
mechanisms, it is important to carry out surface analysis before and after tribological tests. The 
basic principle by which most of the surface analysis instruments available today operate is by 
bombarding the surface to be analysed with high energy particles (for example X-ray, electrons, 
ions, thermal energy, photons, magnetic fields, sonic waves, etc) which results in emission of 
various types of signal from the surface. Table 3.9 summarises the most widely used 
instruments and their typical input and output signals. Some of the surface analysis tools 
extensively used in this project are highlighted in bold letters in table 3.9 and are briefly 
described in the following sections. 
Table 3.9 Typical input/output signal of various surface analysis instruments 
Input Output Instrument 
 
 
Electrons 
 
Electrons 
SEM 
TEM 
EELS 
X-rays EDX 
 
 
Ions 
 
 
Ions 
 
SIMS 
RBS 
ToF-SIMS 
 
X-rays 
 
Electrons 
 
XPS 
X-rays XANES 
 
Electric field 
 
Tunneling current 
 
AFM, SPM 
 
Laser 
 
Laser 
 
Raman spectroscopy 
 
Magnetic field 
 
Electromagnetic wave 
 
NMR 
 
3.3.1.2.1 Optical Microscope                . 
The optical microscope, often referred to as the light microscope uses visible light and a system 
of lenses to magnify the tiny features present on the test sample. The microscope used in this 
study was a Carl Zeiss 451485 (Axioskop 50) type microscope. Normally, the tested surface 
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appeared to have uniform or non-uniform presence of either tribofilms or surface layers or a 
combination of both, with some significant features. It is important to select the areas of interest 
to carry out surface and chemical analysis. Thus, the microscope was used to identify locations 
that best represent the features on the wear track of the tested sample. Often it was difficult to 
distinguish the boundary between wear track and outside wear track for some samples. 
Nevertheless, the regions on wear track and outside the wear track were found to be chemically 
different (discussed later). 
3.3.1.2.2 SEM-EDX                  . 
SEM is a type of electron microscope that images the sample surface by scanning it with a 
beam of high energy electrons in a raster scan pattern. The electrons interact with the atoms 
that make up the sample, producing signals containing information about the sample‟s surface 
topography, structure and chemical composition. SEM takes the advantage of the short 
wavelength of electrons compared to visible light, resulting in higher magnification and 
resolution. The two main types of signal produced by an SEM are secondary electrons (SE) and 
back-scattered electrons (BSE). The BSE signal is advantageous for some tribological studies 
since, because the intensity of the BSE signal is related to the atomic number of the specimen, 
BSE images can provide information about the distribution of different elements in the sample. 
Heavy elements (high atomic number) backscatter electrons more strongly than light elements 
(low atomic number) and thus heavy elements appear brighter. This helps to detect contrast 
between areas with different chemical compositions.  A typical example of a Si-DLC coating 
tested in a ZDDP-containing oil, which differentiates the contrast between areas of tribofilm 
(white) and no-tribofilm (grey and black) in a BSE image, is shown in figures 3.15 and 3.16. 
EDX was used for elemental analysis and details of EDX measurements are illustrated in 
section 3.1.1.3. 
 
   
 
 
Fig. 3.15 Secondary electron image 
Fig. 3.15 SE image Fig. 3.16 BSE image 
Fig. 3.16 Backscattered electron image 
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3.3.1.2.3 ToF-SIMS                  . 
ToF-SIMS is a powerful technique that combines the analytical technique of SIMS (Secondary 
Ion Mass Spectrometry) with Time of Flight (TOF) mass analysis; hence the name ToF-SIMS. 
The basic principle by which ToF-SIMS works is that secondary ions are produced when a 
sample surface is bombarded by a beam of primary ions. These secondary ions contain 
information about molecular and elemental species present on the surface. This helps to 
understand the chemical nature of tribofilms or surface layers that form on the surface. In this 
study, the ToF-SIMS facility at The University of Nottingham has been used to analyse the 
tested samples. The instrument, the ToF-SIMS IV from ION-TOF GmbH of Münster, Germany, 
is equipped with a liquid metal (Ga+) ion gun (LMIG) for spectroscopy and imaging at a spatial 
resolution of better than 100 nm. The instrument is capable of doing the following 
measurements:  
(1) Identify elemental composition near the surface (sub-nanometer) with high sensitivity 
(down to ppm) and high mass resolution (>7000 at m/z = 29). 
(2) Obtain positive and negative ion spectra of chemical species. 
(3) Mapping chemical species. 
(4) Depth profiling with a depth nm resolution. 
In this study, positive and negative spectra and mapping of chemical species were obtained for 
the tested samples. However, since the number of samples involved in this study is quite large, 
chemical mapping was found to be effective rather than analysing all the spectra, since the 
latter was very tedious. Thus, only chemical mapping of the tested surfaces was used to 
understand the tribochemistry. All measurements were carried out on DLC discs at a scan size 
of 500 µm x 500 µm. 
3.3.1.2.4 Raman Spectroscopy                . 
The operating principle of Raman spectroscopy has already been described in the section 
3.1.1.5. In this section, the importance of doing Raman spectroscopic measurements on the 
tested surfaces is highlighted. It has been reported that surface graphitisation occurs on some 
DLCs during friction/wear tests and that this has a significant influence on the tribological 
properties of DLC coatings [14]. Graphitisation is transformation of carbon structure from sp3 to 
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sp2, which is indicated in the Raman spectrum by an increase in the intensity ratio between D 
and G peak (ID/IG). Thus, Raman spectroscopy was employed in this study to see if any 
graphitisation occurred during the friction tests (essentially by comparing the ID/IG ratio before 
and after the test), and if so, its influence on friction and wear. The Raman spectra were 
obtained using a 514 nm diode laser with maximum output power of 300 mW in conjunction with 
a 50X objective. The settings maintained for all spectra collection were: 1200 lines/nm, spectra 
accumulation = 5, power = 10%, collection time = 60 s. Since the initial coating thicknesses vary 
from 3 to 5 µm, Raman spectra were collected for different laser powers (typically 1%, 5%, 10%, 
20%, 50%, and 100%) to identify the maximum power at which the spectrum was not influenced 
by the properties of substrate. Based on this, 10% power was found to represent only the 
coating and not the steel substrate underneath; thus 10% laser power was used for all 
measurements. 
3.3.1.2.5 AFM                   . 
The operating principle, capabilities and the details of AFM used in this study were described in 
section 3.1.1.6. All measurements were carried out with the following settings: scan size = 2 µm 
x 2 µm (5 µm x 5 µm, 10 µm x 10 µm and 20 µm x 20 µm were also taken), scan rate = 3 Hz, 
scan angle = 90o (friction is obtained by tip twist, which is sensitive in 90º) and samples/line = 
512 (max.). All comparisons were made using the data from 2 µm x 2 µm scan size. Below are 
the AFM measurements that were carried out on tested disc samples in this study. 
(1) Topography – to visualize the tribofilms and compare their structures. 
(2) Lateral force – to quantify friction and compare with MTM friction. 
(3) Force curves – to measure attractive and adhesive forces. 
3.3.2 Wear Testing                  . 
In the current study, an MTM in reciprocating mode (ball-on-disc) was used to conduct wear 
tests. This is a pure sliding test in which a steel or DLC-coated ball is loaded against a steel- or 
DLC-coated disc. The ball is held stationary and the disc is reciprocated in a bath containing a 
test lubricant so that the contact between the ball and disc is fully immersed at a controlled 
temperature. In this study, the DLCs from MTM friction tests showed almost no wear and 
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therefore the same samples that were tested under mixed rolling-sliding MTM friction tests were 
also used for prolonged wear tests, using the same lubricant formulations. Since the supply of 
DLC-coated specimens was very limited, most wear tests were carried out on unused parts of 
the surfaces of discs that had been employed to measure friction using the same lubricant. Two 
wear tests were conducted, a two hour wear test and a four hour wear test, on the same 
specimens, by rotating the samples (both ball and disc) by 1800. However only the results of 
four hour wear test are presented and discussed here. To illustrate how multiple tests were 
performed on the same specimens, a schematic illustrating the wear tracks generated in MTM 
friction test and MTM wear tests is shown in Fig. 3.17.  Test conditions used for wear tests are 
listed in table 3.10. 
 
 
 
 
 
No. Item Test condition 
 
1. 
 
Test Rig 
 
Mini Traction Machine (MTM) 
 
2. 
 
Test Configuration  1 
(DLC/DLC) 
 
Disc Material 
Ball Material 
 
DLC coated AISI 52100 Steel 
DLC coated AISI 52100 Steel 
 
3. 
 
 
4. 
 
 
Test Configuration 2 
(DLC/Steel) 
 
Test Configuration 3 
(Steel/Steel) 
 
Disc Material 
Ball Material 
 
Disc Material 
Ball Material 
 
DLC coated AISI 52100 Steel 
AISI 52100 Steel 
 
AISI 52100 Steel 
AISI 52100 Steel 
 
5. Specimen 
Dimensions 
Disc diameter 
Ball diameter 
40 mm 
19 mm 
6. Test Conditions Test type 
Load 
Frequency 
Stroke Length 
Max. Hertz Contact Pressure 
Temperature 
Test Duration 
Pure sliding wear test 
31 N 
10 Hz 
4 mm 
1 – 1.25 GPa 
100
o
C 
2 and 4 hours 
Table 3.10 Test conditions for MTM wear tests used in this study 
Fig. 3.17 Wear tracks from MTM friction test and MTM wear test 
Wear track from 2 hours MTM wear 
test  
Wear track from 4 hours MTM wear 
test 
Wear track from MTM friction test 
DLC coated or steel MTM disc 
180
o 
0
o 
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3.3.2.1 Volumetric Wear Measurements              . 
At the end of the tests, the samples were rinsed in cyclohexane to remove residual lubricant 
present on the surface and tribofilms (if any) were removed by EDTA solution before measuring 
the wear volumes of the tested ball and disc using a WYKO NT 9100, as described in [15]. The 
method of wear volume measurement on disc and ball using Veeco‟s Vision 4 software is 
described below. The wear test data of a-C/a-C lubricated by base oil is taken as an example to 
explain the wear volume measurements on ball and disc. 
Wear volume measurement on disc: 
1. ‘Stitch’ option was used to obtain the entire wear track covering the 4 mm stroke length. 
A typical wear track on disc after plane fitting, and its respective X and Y profiles are 
shown in Fig. 3.18 (a, b, c). It can be seen from the X and Y-profile in Fig. 3.18 (b, c) that 
the free-level is offset by 0.8 mm (will hereafter be called as free-level offset). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.18 (a) Wear track on disc, (b) X-Profile and (c) Y-Profile before free-level offsetting 
Fig. 3.18 (a)  
X-Profile Fig. 3.18 (b)  
0.8 mm  
Free level 
Y-Profile 
Fig. 3.18 (c)  
0.8 mm  
Free level 
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2. The free-level offset (0.8 mm) was nullified in order to obtain correct wear volume 
measurement. This was done by using ‘edit mask’ option in the software, screen shots of 
the method of carrying out this process is shown in Fig. 3.19. In the ‘edit mask’ window 
[Fig. 3.19 (a)], option ‘processed’ was enabled and then „histogram‟ was obtained [Fig. 
3.19 (b)]. In the histogram, the highest peak is the ‘background data’ [i.e. OWT, red 
coloured region in Fig. 3.19 (a)] while the remaining are ‘wear track data’. The wear track 
data has to be masked. Using the cursor (shown in blue lines), all data on the left to the 
‘background data’ was masked by using ‘left’ mask followed by data masking on the right 
using ‘right’ mask. This ensured the masking of wear track data, shown by dark area in 
the image in Fig. 3.19 (c). Then ‘terms’ was chosen in ‘current mask’ option, enabled 
‘on’, clicked ‘save’ and ‘OK’. The 2D wear track, X and Y-profiles after free-level 
offsetting are shown in Fig. 3.20. Fig. 3.21 compares the three-dimensional image of 
wear track before and after free-level offsetting. 
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Fig. 3.19 (a) Mask editor, (b) histogram and (c) masked data on wear track 
1 
2 
Fig. 3.19 (a)  
Background 
Wear track data 
Cursor for masking 1 
2 
Fig. 3.19 (b)  
Data on wear track 
is masked 
Fig. 3.19 (c)  
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W
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3. Wear volume (negative volume) was measured after free-level offsetting. This was done 
by choosing ‘analysis > custom options > volume options’. The wear volume was 
calculated by subtracting the total wear volume [including wear track and background, 
Fig. 3.22 (a)] and wear volume of background [by masking the data on wear track, Fig. 
3.22 (b)], thus obtaining wear volume of the wear track. The wear volumes obtained 
before and after free-level offsetting are 2281701 µm3 and 3994470 µm3, respectively. 
This shows the importance of free-level offsetting. 
Fig. 3.21 3D Wear track on disc (a) before and (b) after free-level offsetting 
Fig. 3.21 (a)  Fig. 3.21 (b)  
Fig. 3.20 (a)  
X-Profile 
Fig. 3.20 (b)  
Y-Profile 
Fig. 3.20 (c)  
Fig. 3.20 (a) Wear track on disc, (b) X-Profile and (c) Y-Profile after free-level offsetting 
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Wear volume measurement on ball: 
The wear track on the ball was obtained by using ‘stitch’ option and then fitted using ‘sphere 
and tilt’. The ball wear track and X and Y-profiles with 0.8 mm free-level offset are shown in Fig. 
3.23. The same free-level offsetting procedure as done for disc was applied to ball wear track 
and wear tracks before and after free-level offsetting are shown in Fig. 3.24. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.23 (a) 
0.8 mm, free level offset 
X-Profile 
Fig. 3.23 (b) 
0.8 mm, free level offset 
Y-Profile 
Fig. 3.23 (c) 
Fig. 3.23 (a) Wear track on ball, (b) X-Profile and (c) Y-Profile before free-level offsetting 
 
Fig. 3.22 Images for the calculation of (a) total wear volume and (b) wear volume of background 
Data on wear track 
is masked 
Fig. 3.22 (b)  
Fig. 3.22 (a)  
Backgrou
nd 
Wear 
track 
Fig. 3.22 (b)  
Data on 
wear 
track is 
masked 
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3.3.2.2 Calculation of Wear Coefficients              . 
The coefficient of wear was calculated using the following equations. 
Wnx
V
k bb
...2
; 
Wnx
V
k dd
...2
 
Wnx
VV
k dbc
...2
 
where Vb  and Vd  are the total wear volumes of ball and disc respectively, kb, kd and kc are the 
ball, disc and composite coefficients of wear respectively, W = normal load, x = stroke length 
and n = number of cycles. 
Using the above equations, the composite coefficients of wear calculated before and after free-
level offsetting for the example discussed above are 0.067 x 10-6 and 0.121 x 10-6 mm3/Nm, 
respectively. This shows that estimation of wear without free-level offsetting gives almost 50 % 
lower wear than with free-level offsetting, thus providing an entirely wrong wear result. 
Therefore, it is important to carry out free-level offsetting procedure during all wear 
measurements. 
Fig. 3.24 3D wear track on ball (a) before and (b) after free-level offsetting 
(a) (b) 
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Chapter 4 
FRICTION AND WEAR BEHAVIOUR OF 
DLC CONTACTS IN BASE OIL 
 
 
 
 
 
 
 
This chapter provides a review on the tribological behaviour of DLC coatings 
and presents the friction and wear results of various DLCs in base oil. It also 
discusses the influence of sp3 content, hydrogen content and steel counter-
surface on friction and wear with base oil. Finally, the chapter summarises 
the key findings, which are: 
(1) Friction and wear is dependent on DLC type. 
(2) Coating both the surfaces with DLC is beneficial in terms of friction 
but coating only one of the surfaces is beneficial in terms of wear. 
(3) Presence of hydrogen affects friction but improves wear resistance. 
(4) Tungsten concentration does not affect friction but affects wear. 
77 
 
 
 
 
4.1 Introduction                . 
The prime requirement for most tribological contacts is to have low friction and high wear 
resistance. For many years, these requirements were met either by ensuring full liquid film 
lubrication, by introducing low-friction materials or by adding friction modifiers to lubricating oil. 
However, the increasing need to improve fuel economy demands major design changes to 
automotive components such as new materials, lubricants and additives that can work efficiently 
and much better than the existing ones. In terms of material advancement, the introduction of 
coatings has made significant improvements to component life, and has been widely used for 
various applications, mainly to prevent wear and adhesion. Advanced coatings such as DLC 
coatings have evolved over years and in recent years they have begun to appear attractive for 
automotive parts because of their excellent friction and wear resistance properties. However, 
the tribological behaviour of DLC-coated surfaces is still not well understood despite their 
importance in many engineering applications. It is therefore important to establish a clearer 
understanding than exists at present of the tribological properties of DLC coatings in lubricated 
condition. The following sections will highlight some relevant literature in this area and then 
present the results obtained in the current study for different types of DLC coating lubricated by 
base oil. 
4.2 Tribological properties of DLC coatings – a review             . 
The friction and wear properties of DLC coatings depend on various parameters. These include:  
(i)  the type of DLC (doped, non-doped, doping elements in the coating, e.g. W, Si, Ti, etc, 
hydrogen-free, hydrogenated, etc),  
(ii) the coatings‟ properties (roughness, sp3%, etc),  
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(iii) the testing medium (dry, humid, inert or lubricated, and, if lubricated, the nature and 
chemistry of additive)  
(iv) the testing condition (contact pressure, speed, temperature, etc),  
(v)  the material combination (e.g. DLC/DLC or DLC/steel) and  
(vi) dynamic processes during testing (formation of tribofilms and transfer layers, graphitisation, 
surface deformation, wear etc).  
 
This shows how friction can be influenced by many factors, both intrinsically and extrinsically, 
and illustrates the complexity involved in understanding the friction behaviour of DLC coatings. 
The friction coefficient values reported for various types of DLC coating range from 0.005 to 0.7, 
which represents the widest range of friction among all materials or coatings [16]. This indicates 
that the properties of these coatings can be tailored or produced, according to the requirement 
and application, to obtain certain tribological properties. In general, the field of DLC coatings 
has enjoyed strong and growing interest in many scientific and commercial disciplines, as 
evidenced from the excellent reviews in [13] and [16]. This section will follow a similar fashion to 
that used in [13] and [16] to bring out the important key factors that influence friction and wear, 
and some of the key facts quoted in these references will be cited here, as these two 
comprehensive reviews are an excellent source of collective information available on DLC 
coatings. Initially, most studies were carried out in inert or dry or humid environments and only 
recently, since DLCs have started to draw attention as potential coatings for automotive engine 
parts, have lubricated study of DLC coatings emerged. Nevertheless, previous studies under 
dry and humid conditions do provide a good understanding of the friction and wear behaviour of 
hydrogenated and hydrogen-free DLCs, and have facilitated the development of theories of the 
tribology of DLC coatings. In this section, some of the work in dry and humid conditions that has 
been done in the past will be illustrated to highlight the theories proposed to explain friction and 
wear phenomena observed with DLC coatings. 
4.2.1 Influence of roughness                . 
In general, as noted with most other materials, rougher surfaces cause higher friction and more 
severe wear losses with DLCs. Roughness is important as it determines the wear loss during 
the running-in period and also the time to attain steady state friction. Since DLC coatings are 
amorphous, they can, in principle, almost follow the same roughness as that of their substrates. 
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Despite this, some deposition techniques, such as PLD (pulsed laser deposition) and arc-PVD 
produce rougher surface as numerous nano/micro-particles and/or droplets are ejected from the 
solid carbon source during the deposition process. This was overcome to some extent in recent 
years by the introduction of magnetic filters in the deposition process, thus producing smoother 
surfaces [13]. However it should be noted that the roughness (Ra) values of the various types of 
DLC coating used in this study ranges from 7 to 40 nm (Table 3.6, chapter 3), even though all 
were prepared on the same MTM ball and disc substrates. 
4.2.2. Influence of sp3 and hydrogen content – a combined effect          . 
It is well known that a DLC coating structure is strongly dependent on the energy of the 
impinging species and mainly on the plasma parameters such as bias voltage and gas pressure 
[13]. The bias voltage is basically controlled by the RF or pulse-dc power sources, while the 
desirable gas pressure in the deposition chamber is obtained by using a series of gas flow 
meters. These two parameters control the impact energy of the impinging atoms which then 
controls the amounts of sp3 bonding and hydrogen content in the DLC coatings. For example, at 
low impact energies the gaseous precursors are not fully decomposed, resulting in a polymer-
like carbon coating with a predominance of =CH2 groups. At intermediate impact energies, the 
hydrogen content is reduced, resulting in more sp3 type bonding, thus producing diamond-like 
properties. At high impact energies, increase in disordered sp2-like bonding results in a more 
graphite-like carbon network. Thus, by controlling the impact energy, a basic carbon material 
can be made to be graphite-like or diamond-like or a combination of both, meaning that the 
friction and wear properties can be tailored based on the amounts of sp3/sp2 content in the 
coatings.  
The presence of hydrogen in hydrogenated DLC coatings plays an important role in deciding 
the proportions of sp3 bonds by stabilizing the tetrahedral coordination and thus controlling the 
properties, to be specific by increasing the sp3 bonds [17]. Therefore, it can be said that 
hydrogen and sp3 bonds (or sp3 content) are mutually related, as are their tribological 
properties. This can be explained with the help of results reported by [18], [19] and [20], shown 
in Fig. 4.1 (a, b) and Fig. 4.2. Fig. 4.1 (a) and Fig. 4.2, that illustrate the difference in friction 
between coatings with high (ta-C) and low (a-C:H) sp3 contents. The former give high friction in 
the absence of water molecules. These results clearly highlight the importance of having either 
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water molecules [Fig. 4.1 (a)] or hydrogen [Fig. 4.1 (b)] for hydrogen-free coatings to obtain low-
friction performance [Fig. 4.1 (b)]. The possible friction mechanisms reported by [20] for 
hydrogenated and hydrogen-free coatings in dry/inert and humid environments are illustrated in 
Fig. 4.2, and the key points from [20] are summarised below.  
(a) Hydrogen-free DLCs: The surface carbon atoms of ta-C coating are bonded to their 
neighbouring atoms with three σ-bonds, leaving the fourth bond free, dangling out of the 
surface. In humid conditions, the dangling bonds are considered to be passivated by 
adsorbates like water molecules, oxygen or hydrogen by the formation of C-OOH and C-
H bonds, resulting in low friction. However, in dry/inert conditions, these adsorbates will 
be removed during sliding due to mechanical action of rubbing or due to thermal effects, 
leading to exposed σ-bonds establishing strong covalent interaction with the atoms of 
the counterface material. On the other hand, the outermost surface structure of the a-C 
coating has been reported to have a sp2-hybridized structure. In addition, the 
graphitization of the hydrogen-free DLC structure has been observed to occur. The 
graphitic species on the coating surface can thus also contribute to high friction 
performance in dry environments, since graphite requires adsorbed water to provide 
easy shear between the densely packed atom sheets. 
(b) Hydrogenated DLCs: The friction of hydrogenated DLC coatings tends to increase to 
higher values, even close to values experienced by hydrogen-free DLCs, after long 
periods of sliding in dry environment. This phenomenon occurs due to removal of 
hydrogen from the surface due to sliding action, causing increased interaction of 
dangling bonds of contacting surfaces. However, this increased friction coefficient can 
be reduced to a superlow level if hydrogen is provided from the environment. The 
depleted hydrogen on the surface also leads to graphitization of the outermost surface of 
the hydrogenated DLC structure, thus increasing the friction in dry environment.  
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4.2.3 Thermal effects on the friction and wear properties of DLC 
coatings                                                                                      . 
When exposed to elevated temperatures, DLC coatings may undergo gradual transformation 
from a highly disordered or amorphous state to a highly ordered or graphitic state [21], [22]. This 
is mainly because these coatings are thermodynamically unstable, so when external thermal 
energy is provided, the carbon and/or other atoms may begin to re-arrange themselves and 
Fig. 4.2 Friction behaviour of sp
3
-dominated and sp
2
-dominated DLC 
coatings, reproduced from [20] 
Fig. 4.1 (a) Friction of sp
3
-dominated ta-C and sp
2
-dominated a-C:H coatings, reproduced from [18] 
and (b) friction of sp
3
-dominated ta-C with and without hydrogen, reproduced from [19] 
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assume thermodynamically more stable bonding configurations, such as graphite. Thus, 
external thermal energy in terms of temperature rise due to frictional heating during rubbing or 
high temperature testing, can change the structure of these coatings and have a significant 
influence on friction and wear. For example, in hydrogenated DLC coatings, hydrogen diffusion, 
(especially those hydrogen atoms that are not bonded to carbon and thus may diffuse easily), 
occurs due to thermal effects, leaving a relatively porous structure and/or thin graphitic layer, 
resulting in more wear [20]. The pace of diffusion depends on the amount of hydrogen present. 
Hydrogen-free or ta-C coatings resist phase transformation to much higher temperatures, e.g. 
500-650°C, after which they may also begin to transform. It should be noted that in typical 
practical automotive applications, i.e. when using lubricants and additives in DLC contacts, the 
friction behaviour/evolution may be different, which is discussed in the following sections and, 
later, in the results described in this chapter. 
4.2.4 Tribology of lubricated DLC contacts              . 
DLC coatings can be considered as solid lubricants, but their friction mechanism is quite 
different from most other solid lubricants because of how they provide lubrication. Commonly 
known and widely used solid lubricant coatings such as graphite, MoS2 and lead provide 
lubricity by shearing along planes within the coating [23]. But such shearing is not feasible with 
DLC coatings as they possess no crystallographic shear planes, meaning that shear or plastic 
flow is not one of the mechanisms that control friction in DLC coatings. One possible friction 
mechanism reported by Erdemir et al is the formation of a transfer layer in the interface [24]. 
Others are simply surface passivation by lubricant and/or thin boundary film formation by 
interaction with additives. Surface passivation (either by water molecules or hydrogen) appears 
to promote hydrogen-free DLC coatings to provide low friction in dry/inert conditions. Such 
passivation becomes easier when hydrogen-free DLC contacts are lubricated, thus perhaps 
explaining why such DLCs are lubricious and provide low friction. However, some DLC-additive 
combinations may/may not be able to produce an interface layer (transfer layer/boundary film) 
that has easy shearing properties.  Thus it could be possible that some additives degrade the 
friction properties of DLC coatings. Hence, proper selection of additives is important. 
Establishing general rules on their behaviour will facilitate to improve our understanding of the 
tribological behaviour.  
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4.2.5 Effect of transfer layer                 . 
Most tribological tests on DLC/steel begin with a relatively high friction, (i.e. during a running-in 
period), which reduces in subsequent rolling/sliding. This has been attributed to the formation of 
a thin transfer layer on the counterface material [25]-[30]. This transfer layer makes the contact 
DLC on DLC rather than the original DLC on steel, thus resulting in reduced friction. As well as 
friction reduction, this transfer layer formation implies some material loss from the DLC disc, 
which must be regarded as wear. It is thus important to know what causes the material on DLC 
disc to transfer to steel counterpart: is it (a) wear from the DLC surface or (b) surface 
transformation (i.e. graphitisation, sp3 to sp2) on the DLC surface. Results by [14] have reported 
that graphitisation causes more wear and therefore it is reasonable to consider the 
phenomenon as graphitisation followed by wear, resulting in material transfer to the counterpart. 
This can be explained by the fact that under severe sliding conditions the temperature at 
asperities rises locally, resulting in phase transformation to the more stable graphite (sp2). 
Graphite, being soft, wears off easily, resulting in wear particles adhering to the counterpart.  
4.2.6 Effect of lubricants                                                  . 
The dry sliding friction coefficient of DLC coatings against different metallic or ceramic materials 
has been reported to span the range 0.005 to 0.1 [31]-[38]. Despite their low friction properties, 
only a few DLCs are able to provide low friction with no lubricant and the surrounding medium 
greatly influences their friction properties, as can be seen from figures 4.1 and 4.2. In many 
systems a lubricant is also needed to serve other purposes such as cooling or removal of wear 
particles. Thus, even though some DLCs are capable of delivering low friction properties without 
lubricants, most DLCs will probably be employed under lubricated conditions, and will initially 
use the same lubricants that were originally developed for uncoated steel surfaces [31], at least 
for a decade.  
DLC coatings can play a significant role under starved lubrication conditions in terms of 
preventing scuffing and wear as they can survive and have low friction for some time without 
lubricant. Podgornik et al [39] investigated WC/a-C:H coatings under starved lubrication 
conditions and reported that DLCs were able to improve service life by 2-5 times, and DLC/steel 
contacts were found to be better than DLC/DLC ones. This quality is very important for cutting 
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tool applications, where the contacts often operate in starved lubrication. Normally, 
chlorinated/sulphurized lubricants and high surface polishing of tool surface are the prime 
requirements for cutting tool applications to avoid transfer of material from work material to tool 
surface. However DLCs were able to provide similar or better performance than uncoated tool 
steel, with reduced surface polishing, even in base oil.  
For automotive engines, although formulated engine oils containing various additives are 
always used, it is still important to know how DLCs work with base oil as this will help 
understanding the impact of additives. Thus, in the following section, the friction and wear 
behaviour of various DLCs with base oil will be investigated and described. 
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4.3 Friction and wear results in base oil                                  .                                      
. 
All tests presented in this study were carried out by the author in the Tribology Group 
laboratories, Department of Mechanical Engineering, Imperial College London.  
The friction properties of base oil were studied for different DLC coatings combination using the 
MTM, operating in unidirectional, mixed rolling-sliding conditions, as described in section 3.3.1, 
Chapter 3. Periodically during a two hours test, motion was halted and friction was measured 
over a range of entrainment speeds at 50% slide-roll ratio, before slow speed rubbing was 
resumed.  
The wear properties of different DLC coatings were studied using the MTM operating in pure 
sliding conditions, as described in section 3.3.2, Chapter 3. 
In order to understand the differences in the tribological behaviour of various types of DLC 
coating, one DLC coating representing each type (W-DLC, WC-DLC, Si-DLC, ta-C, ta-C:H, a-C 
and a-C:H) was studied initially. The remaining DLCs are basically subtypes of W-DLC and a-
C:H, with varying tungsten and hydrogen concentration, respectively. Their friction and wear 
properties are presented in Chapter 5, mainly in terms of their behaviour with ZDDP. The 
designations followed for DLCs in this study, as well as their relevant properties, are listed in 
Table 4.1. a-C:H:W (DLC 3) and a-C:H:WC (DLC 4) are both tungsten-containing DLCs with two 
differences. Firstly, tungsten is present in pure form in DLC 3 whereas tungsten carbide is 
present in DLC 4. Secondly, DLC 3 has graphite inclusions within the coating whereas DLC 4 
has a CrN layer underneath the top WC-DLC layer. 
DLC 
No. 
DLC  
Name 
DLC 
Designation 
Interlayer/ 
Inclusions
* 
Ra  
(nm) 
sp
3
  
(%) 
H 
(HV) 
E 
(GPa) 
H/E H 
(at.%) 
W 
(at.%) 
1 
2 
3 
4 
5 
6 
7 
a-C 
a-C:H 
a-C:H:W 3 
a-C:H:W 2 
Si-DLC 
ta-C 2 
ta-C:H 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
- 
- 
*
Graphite 
CrN 
- 
- 
- 
10 
10 
9 
25 
22 
26 
45 
15 
25 
15 
25 
30 
75 
60 
2534 
2460 
1318 
1250 
1315 
6793 
 
155 
175 
165 
140 
90 
473 
0.160 
0.137 
0.078 
0.087 
0.143 
0.141 
 
1 
20 
15 
15 
20 
1 
20 
- 
- 
18 
14 
- 
- 
- 
Table 4.1 Designation and properties of DLC coatings used in this study 
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4.4 Results using DLC/DLC tribopair in base oil                        .                      
. 
Base oil tests were primarily carried out to provide a comparison with the tests in additive 
solutions.  
4.4.1 Rolling-Sliding Friction Results                                                         .                                                         
. 
Fig. 4.3 shows the evolution of friction for the seven different types of DLC coating in base oil 
while Figures 4.4a and 4.4b compare the friction coefficients of all the DLC coatings, initially and 
after 2 hours rubbing in base oil. 
Most coatings give low friction coefficient of 0.02 at high entrainment speed, characteristic of 
full-film EHL lubrication. The initial friction curves for a-C:H:WC and Si-DLC show high friction at 
intermediate speeds, which suggests that a full EHL separating film is only formed at speeds 
above 3 m/s. This may result from their relatively large surface roughness and intrinsic surface 
features, as can be seen in figures 3.1b and 3.1e. Initially, hydrogen-free DLCs (a-C and ta-C) 
give the lowest boundary friction (at low entrainment speed) followed, in order, by hydrogenated 
(a-C:H and ta-C:H) and doped (a-C:H:W, Si-DLC and a-C:H:WC). This clearly shows the friction 
dependence on DLC type. a-C gives the lowest boundary friction (0.038) probably because of 
its graphitic nature (15% sp3) which, however, could not maintain the low friction behaviour after 
2 hours rubbing (Fig. 4.4b). ta-C and ta-C:H retain their low boundary friction after 2 hours 
rubbing and are joined by a-C:H:W. This may result from the graphite inclusions present in a-
C:H:W. It can be seen that after 2 hours rubbing, most DLCs, except a-C, produce a marginal 
reduction in friction. This reduction in friction can, in principle, be attributed to surface 
graphitisation, oxygen adsorption, surface smoothing or formation of tribofilms between the 
base oil (or its breakdown products) and the surfaces. By comparing Stribeck curves of 
hydrogen-free (a-C and ta-C) and hydrogenated (a-C:H and ta-C:H) DLCs, it can be inferred 
that hydrogen-free DLCs show lower boundary friction than hydrogenated DLCs. This indicates 
that the presence of hydrogen degrades the friction properties. 
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Fig. 4.3 Evolution of friction for DLC/DLC 
contacts in base oil 
a-C/a-C + BO 
Fig. 4.3a 
a-C:H/a-C:H + BO 
Fig. 4.3b 
a-C:H:W/a-C:H:W + BO 
Fig. 4.3c 
a-C:H:WC/a-C:H:WC + BO 
Fig. 4.3d 
Si-DLC/Si-DLC + BO 
Fig. 4.3e 
ta-C/ta-C + BO 
Fig. 4.3f 
Fig. 4.3g 
ta-C:H/ta-C:H + BO 
88 
 
  
 
 
 
 
The tested samples were analysed using Raman spectroscopy and EDX to determine, 
respectively, whether any graphitisation or oxygen adsorption occurred. The results are shown 
in Fig. 4.5 and Table 4.2, respectively. It can be seen from Table 4.2 that all DLCs were found 
to experience oxygen adsorption after 2 hours rubbing. However, some DLCs, especially a-
C:H:WC, Si-DLC and ta-C experienced oxygen adsorption even at atmospheric conditions 
(Table 3.3). Raman spectra revealed that most DLCs did not experience significant 
graphitisation after 2 hours rubbing except ta-C, which showed graphitisation, as indicated by 
an increase in ID/IG ratio. It is possible that graphitisation of other DLCs was suppressed by 
oxygen adsorption. Although the possibility of graphitisation is more favourable for sp2-dominant 
DLCs (a-C, a-C:H, a-C:H:W, a-C:H:WC and Si-DLC) than sp3-dominant DLCs (ta-C and ta-
C:H), only ta-C experienced graphitisation, possibly because of the frictional heating originated 
from few local high spots of high hardness (Fig. 3.1g). The possibility of graphitisation on ta-C 
coatings has been reported by [20]. Despite having similar local high spots (Fig. 3.1g), a-
C:H:WC and ta-C:H did not show graphitisation, but it is likely that, for these relatively softer 
DLCs, high spots are smeared off during rubbing. Therefore, it can be said that tribolayers (the 
product of carbon and lubricant molecules) or oxygen adsorption reduce the adhesive 
conjunction of DLC/DLC contacts although much less than steel/steel, and this apparently 
reduces the peak stresses, so suppressing graphitisation. 
Fig. 4.4 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
base oil 
Fig. 4.4a Fig. 4.4b 
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Chemical composition (atomic %) 
DLC/DLC+BO C O Si Ti Cr Fe Co Ni Ag W 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
95 
98 
71 
69 
1.1 
0.5 
9.0 
15.0 
- 
1.4 
- 
- 
- 
- 
- 
- 
0.1 
- 
- 
1.0 
0.2 
0.1 
- 
- 
- 
- 
3 
- 
- 
- 
- 
3 
- 
- 
- 
- 
- 
- 
17 
12 
Si-DLC 92 1.4 5.8 0.63 0.01 - - - 0.16 - 
ta-C 94 2.0 - - 0.15 3.8 - - - - 
ta-C:H 85 2.3 - - 1.1 12 - - - - 
Table 4.2 Chemical composition of DLC surfaces after 2 hours rubbing in base oil (EDX) 
Fig. 4.5 Raman spectra of (a) a-C and a-C:H, (b) a-C:H:W and a-C:H:WC, (c) Si-DLC and (d) ta-C and 
ta-C:H before (shown by dashed line) and after (shown by solid line) 2 hours rubbing in base oil 
Fig. 4.5a Fig. 4.5b 
Fig. 4.5c Fig. 4.5d 
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The friction characteristics of a-C and a-C:H coatings are straightforward. a-C was not able to 
retain its low-friction graphitic property during rubbing and thus showed increased boundary 
friction after 2 hours rubbing. However, it still exhibited lower friction than its hydrogenated 
version a-C:H. The latter showed almost similar friction behaviour after 2 hours rubbing to that 
observed initially. The wear tracks of a-C and a-C:H (Fig. 4.6) show that both the coatings 
experienced almost no wear.  Wear will be further described in section 4.4.2 below. 
 
 
 
 
 
 
 
a-C:H:WC, although showing some reduction in boundary friction after 2 hours rubbing, still 
exhibits high friction at intermediate speeds compared to the other DLCs. An SEM micrograph 
of DLC 4 taken after 2 hours rubbing in base oil reveals the presence of black, patchy debris on 
the rubbed surface. EDX measurements were taken on two areas 1 and 2 marked in Fig. 4.7 
and the results are presented in Table 4.3. Area 1 shows fragments containing chromium and 
large amounts of oxygen, whereas area 2 shows similar amounts of chromium and small 
amounts of oxygen, compared to as-deposited coating. 
 
 
Fig. 4.6 (b1) Fig. 4.6 (a1) 
DLC Disc DLC Ball 
Ra = 10 nm Ra = 10 nm 
DLC 1 DLC 1 
Fig. 4.6 (b2) Fig. 4.6 (a2) 
DLC Disc DLC Ball 
Ra = 10 nm Ra = 10 nm 
DLC 2 DLC 2 
Fig. 4.6 Rubbed surfaces of a-C and a-C:H after 2 hours rubbing in base oil 
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The black, patchy debris regions also exhibit high lateral force when measured using AFM, as 
can be seen from figures 4.8 (a), (b), (c) and (d). High lateral force is indicated by brighter spots 
for area 1 (black debris) and low lateral force by darker spots for area 2 (plain surface). The 
forward and reverse lateral force images were subtracted in order to avoid topography-induced 
lateral force. The line profiles on lateral force image reveal that the debris (area 1) exhibit three 
times higher lateral force than the plain surface (area 2). The topography image in Fig. 4.8 (a) 
reveals that the surface has worn through to a depth more than 150 nm. This supports the 
observed measurement of 1 at.% chromium (probably from the CrN layer underneath the top 
carbon layer) on the wear track and indicates that a-C:H:WC has experienced wear down to the 
CrN layer. It is therefore important to note that, due to the coating wearing through, the contact 
was partially CrN/CrN rather than purely a-C:H:WC/a-C:H:WC, so the measured friction may not 
actually represent an a-C:H:WC/a-C:H:WC contact. The rubbed surfaces of both ball and disc 
rubbed in a-C:H:WC were imaged using WYKO and the wear tracks are shown in Fig. 4.9a1, 
b1. These reveal similar wear characteristics, with large surface roughness for ball (> 200 nm) 
compared to a-C:H:W (Fig. 4.9a2, b2). Thus the wearing-through behaviour of a-C:H:WC, 
together with increased roughness, is probably the reason for its increased friction at 
intermediate speeds.  
 
 
a-C:H:WC C O Cr Ni W 
As-deposited 90 - - 2 8 
Black debris  (1) 69 15 1.0 3.0 12 
Plain surface (2) 82 0.8 1.0 3.2 13 
20 µm 
Table 4.3 Comparison of chemical composition of areas 1 and 
2 of a-C:H:WC after 2 hours rubbing in base oil 
Fig. 4.7 SEM micrograph of a-C:H:WC after 2 
hours rubbing in base oil 
1 
2 
Fig. 4.7 
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Fig. 4.9 Rubbed surfaces of (a1, a2) disc and (b1, b2) ball for a-C:H:WC and a-C:H:W 
after 2 hours rubbing in base oil 
Fig. 4.9 (a1) 
DLC Disc DLC Ball 
Ra = 20 nm Ra > 200 nm 
Fig. 4.9 (b1) 
a-C:H:WC a-C:H:WC 
Fig. 4.9 (b2) Fig. 4.9 (a2) 
DLC Disc DLC Ball 
Ra = 10 nm Ra = 30 nm 
a-C:H:W a-C:H:W 
Fig. 4.8 AFM (a) topography and (b) lateral force maps of a-C:H:WC after 2 hours rubbing in base oil and their 
respective line profiles (c, d) 
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With Si-DLC, the significant reduction in friction at high speeds can be attributed to surface 
smoothing (roughness reduced from 24 to 10 nm). The formation of a thin lubricious layer on 
the surface may be the reason for friction reduction at low speed. This is supported by the AFM 
lateral force image (Fig. 4.10) showing low lateral force on the wear track (where a thin 
lubricious layer is formed) than outside the wear track. 
 
   
 
 
 
 
 
   
 
 
ta-C coating retains its low boundary friction performance during rubbing and shows a decrease 
in friction at the end of two hours rubbing. Raman analysis of ta-C shows an increase in ID/IG 
ratio, indicative of graphitisation which is probably the reason for its reduced friction behaviour. 
With ta-C:H, the initial high friction at intermediate speeds could arise from its initial roughness 
which is quite large (Ra = 45 nm). This roughness increased to 60 nm (Fig. 4.11) after 2 hours 
rubbing as a result of wear (wear track width > 500 µm; wear depth ≈ 1 µm), leading to high 
friction at high speeds. Despite showing large wear, its boundary friction was not degraded. 
 
 
Fig. 4.10 AFM (a) topography, (b) lateral force maps and their respective line profiles (c, d) and (e) wear 
tracks of Si-DLC after 2 hours rubbing in base oil  
 
Fig. 4.10 (e1) 
DLC Disc 
Ra = 13 nm 
Si-DLC 
Fig. 4.10 (e2) 
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Ra = 17 nm 
Si-DLC 
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Overall, in terms of friction, hydrogen-free DLCs (a-C and ta-C) show lower boundary friction 
than their hydrogenated versions (a-C:H and ta-C:H). Doped-DLCs (W, WC and Si) show higher 
friction coefficient than the other coatings except for a-C:H:W that had graphite inclusions. In 
terms of wear, under mixed sliding-rolling condition, W-DLCs showed more wear than the other 
coatings whereas a-C, a-C:H and Si-DLC coatings showed no measurable wear and ta-C and 
ta-C:H showed little wear. 
4.4.2 Sliding Wear Results                                                                           .                                                                           
. 
 
In order to obtain measurable and thus quantifiable wear on all DLCs, pure sliding tests were 
carried out. The results (Fig. 4.12 & 4.13) indicate that wear is quite strongly dependent on DLC 
type. As can be seen in Fig. 4.12, a-C and a-C:Hs gave lowest wear followed, in order, by Si-
DLC, ta-C:H, ta-C and W-containing DLCs. However, most of the DLCs, except W-containing 
DLCs, showed less wear than steel/steel. It should also be noted that disc wear volume and 
thus wear rate is approximately one order of magnitude higher than ball wear for most DLCs. 
Fig. 4.11 Rubbed surfaces of (a1, a2) disc and (b1, b2) ball for ta-C and ta-C:H after 2 
hours rubbing in base oil 
Fig. 4.11 (b2) Fig. 4.11 (a2) 
DLC Disc DLC Ball 
Ra = 60 nm Ra = 115 nm 
ta-C:H ta-C:H 
Fig. 4.11 (b1) Fig. 4.11 (a1) 
DLC Disc DLC Ball 
Ra = 20 nm Ra = 50 nm 
ta-C ta-C 
95 
 
  
 
 
 
 
 
  
   
 
 
 
 
 
  
 
 
 
Fig. 4.12 Wear tracks from pure sliding wear tests for 
DLC/DLC contacts after 4 hours rubbing in base oil 
DLC Discs 
DLC Balls 
(a) a-C (b) a-C:H 
(c) a-C:H:W (d) a-C:H:WC (e) Si-DLC 
DLC Discs 
DLC Balls 
DLC Ball 
(f) ta-C 
DLC Disc 
Fig. 4.13 Wear coefficients of DLC disc and DLC ball from pure 
sliding wear tests after 4 hours rubbing in base oil 
 
Fig. 4.13 
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4.4.3 Influence of hydrogen concentration in a-C:H coatings              .                                         . 
The friction curves of a-C and a-C:H shown in Fig. 4.4 indicate that a hydrogen-free a-C coating  
exhibits significantly lower friction than a-C:H. However, no significant difference in wear was 
noted, as shown in Fig. 4.13. This indicates that hydrogen has a significant influence on friction 
properties but much less influence on wear properties. However the extent to which hydrogen 
concentration influences friction and wear, and if any trend exists, is not known. Thus in this 
section the friction and wear properties of five a-C:Hs with varying hydrogen content and one a-
C will be compared. Table 4.4 lists the designation and properties of DLCs used. 
The evolution of friction for a-C and a-C:Hs with varying hydrogen content in base oil is shown 
is Fig. 4.14. Comparison of friction coefficients of all DLCs initially and after 2 hours rubbing is 
shown in Fig. 4.15a & b. It can be inferred from Fig. 4.14 that 2 hours extended rubbing has 
negligible influence on friction with all DLCs except a-C. Fig. 4.15a shows that a-C coating show 
very low boundary friction initially, probably because of its sp2 (graphitic) nature, whereas all a-
C:Hs show increased boundary friction. However, this low friction property of a-C was lost 
during extended rubbing whereas all a-C:Hs show negligible change in friction during prolonged 
rubbing as shown in Fig. 4.15b. Despite having similar surface roughness with a-C:H2, a-C 
shows much less boundary friction, probably because of its graphitic nature. The results 
indicate that presence of hydrogen increases the boundary friction. However, no friction trend 
based on hydrogen concentration was noted. 
In terms of wear, as shown in figures 4.16 and 4.17, a-C:Hs show lower wear coefficients than 
a-C. This indicates that presence of hydrogen provides beneficial wear properties. However, no 
 
No 
 
Designation 
H  
(at.%) 
sp
3
  
(at.%) 
Roughness
Ra (nm) 
Hardness 
(HV) 
Elastic 
Modulus 
(GPa) 
H/E Coating 
Thickness 
(µm) 
1 a-C 1 15 10 2534±62 155±3 0.160 3 
8 a-C:H1 17 35 10 2365±87 197±5 0.118 2 – 3 
9 a-C:H 2 18 35 16 2500±76 200±6 0.123 2 – 4 
2 a-C:H 3 20 25 10 2460±145 175±7 0.138 3 
10 a-C:H 4 22 35 10 2500±60 183±2 0.134 3 
11 a-C:H 5 25 38 10 2372±140 172±7 0.135 3 
Table 4.4 Properties of a-C and a-C:H coatings investigated in this study 
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wear trend based on hydrogen concentration was noted. It should be noted that a-C:H2 exhibits 
slightly higher friction and wear than the other a-C:Hs. This may result from its initial surface 
roughness, which is quite high compared to other a-C:Hs. Overall, the results confirm that 
presence of hydrogen appears to be beneficial in terms of wear but detrimental in terms of 
friction. The similarity of the a-C:H results despite the coatings originating from several suppliers 
also suggests that there is more variation in performance between types than suppliers, which 
is reassuring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.14 Evolution of friction for a-C and a-C:H coatings in base oil 
a-C/a-C + BO 
Fig. 4.14a 
a-C:H1/a-C:H1 + BO 
Fig. 4.14b 
a-C:H2/a-C:H2 + BO 
Fig. 4.14c Fig. 4.14d 
a-C:H3/a-C:H3 + BO 
a-C:H4/a-C:H4 + BO 
Fig. 4.14e 
a-C:H5/a-C:H5 + BO 
Fig. 4.14f 
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Fig. 4.15 Comparison of friction coefficients for a-C and a-C:H coatings (a) initially and (b) after 2 hours rubbing 
in base oil 
Fig. 4.15a Fig. 4.15b 
Fig. 4.16 Wear tracks from pure sliding wear tests for a-C and a-C:H contacts after 4 hours rubbing in base oil 
DLC Discs 
DLC Balls 
(c) a-C:H 2 (b) a-C:H 1 (a) a-C 
DLC Discs 
DLC Balls 
(d) a-C:H 3 (e) a-C:H 4 (f) a-C:H 5 
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Fig. 4.17 Wear coefficients of a-C and a-C:H coatings from 
pure sliding wear tests after 4 hours rubbing in base oil 
 
Fig. 4.17 
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4.4.4 Influence of tungsten concentration in a-C:H:W coatings              .          
.    
The friction curves of a-C:W and a-C:H:WC shown in Fig. 4.4 indicate quite a different friction 
behaviour although both had tungsten as the doping element. However, no significant difference 
in wear properties was noted, as shown in Fig. 4.13. It should be noted that a-C:H:W had 
graphite inclusions in the coating and a-C:H:WC had tungsten in the form of carbide. Also, a-
C:H:WC is rougher than a-C:H:W.  Neglecting the difference in the form of tungsten in these two 
DLCs and considering them as W-containing DLCs, it is interesting to know whether tungsten 
concentration has any influence on friction, wear and film-forming properties. Thus, four a-
C:H:Ws with varying tungsten concentration were studied. Their properties are listed in Table 
4.5.  
 
 
 
The evolution of friction for a-C:H:W coatings with varying tungsten content in base oil is shown 
in Fig. 4.18. Comparison of friction coefficients of a-C:H:Ws initially and after 2 hours rubbing is 
shown in Fig. 4.19a & b. Friction coefficients of a-C and a-C:H coatings are also plotted in Fig. 
4.19. a-C gives lower boundary friction initially, followed, in order, by a-C:H and a-C:H:Ws. This 
indicates that the graphitic nature of a-C exhibits lower friction than the others while a-C:H:W 
exhibit higher friction due to the presence of reactive element, tungsten. However, a-C loses its 
low-friction graphitic property during prolonged rubbing while a-C:H:W3 acquires the lowest 
boundary friction, because of the exposed graphitic inclusions in the coating. The friction 
performance of a-C:H:Ws 2 and 3 has been discussed already in section 4.2.1. It should be 
noted that no friction trend based on tungsten concentration was noted. The friction results also 
suggest that friction performance is dominated mainly by elements (WC, graphite inclusions, 
etc) present in the coating rather than the concentration of tungsten. Wear results shown in 
figures 4.20 and 4.21 show that a-C and a-C:H coatings exhibit much lower wear coefficients 
 
No 
 
Designation 
H  
(at.%) 
W 
(at.%) 
sp
3
  
(at.%) 
Roughness 
Ra (nm) 
Hardness 
(HV) 
Elastic 
Modulus 
(GPa) 
H/E Coating 
Thickness 
(µm) 
1 a-C:H:W1 15 12 20 10 1183±80 135±5 0.085 2 – 3 
2 a-C:H :W2 15 14 25 25 1250±80 140±7 0.087 4 – 5 
3 a-C:H :W3 15 18 15 9 1318±35 165±3 0.078 1 – 5 
4 a-C:H :W4 15 21 20 30 1190±60 118±6 0.098 4 
Table 4.5 Properties of a-C:H:W coatings investigated in this study 
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than when tungsten was present. This indicates that tungsten strongly degrades the wear 
properties. However, no wear trend based on tungsten concentration was noted. Overall, 
tungsten concentration has no effect on friction and wear.  
 
 
 
 
 
 
  
 
 
 
 
 
  
a-C:H:W1/a-C:H:W1 + BO 
Fig. 4.18a 
a-C:H:W2/a-C:H:W2 + BO 
Fig. 4.18b 
a-C:H:W3/a-C:H:W3 + BO 
Fig. 4.18c 
a-C:H:W4/a-C:H:W4 + BO 
Fig. 4.18d 
Fig. 4.18 Evolution of friction for a-C:W coatings in base oil 
Fig. 4.19 Comparison of friction coefficients for a-C, a-C:H and a-C:H:W coatings (a) initially and (b) after 2 
hours rubbing in base oil 
Fig. 4.19a Fig. 4.19b 
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Fig. 4.20 Wear tracks from pure sliding wear tests for a-C, a-C:H and a-C:H:W contacts after 4 hours 
rubbing in base oil 
DLC Discs 
DLC Balls 
(c) a-C:H:W 1 (b) a-C:H 3 (a) a-C 
DLC Discs 
DLC Balls 
(d) a-C:H:W 2 (e) a-C:H:W 3 (f) a-C:H:W 4 
Fig. 4.21 Wear coefficients of a-C, a-C:H and a-C:H:W coatings 
from pure sliding wear tests after 4 hours rubbing in base oil 
 
Fig. 4.21 
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4.5 Results using DLC/steel tribopair in base oil                       . 
4.5.1 Friction results                                                                                 .                                                                                     
. 
The evolution of friction for DLC/steel contacts in base oil is shown is Fig. 4.22. The comparison 
of friction coefficients of all DLCs initially and after 2 hours rubbing is shown in Fig. 4.23a & b. 
By comparing figures 4.4a and 4.23a, it can be seen that most DLC/steel tribopairs (a-C, a-C:H, 
ta-C and ta-C:H) show higher boundary friction than the corresponding DLC/DLC initially and 
are joined by a-C:H:W and Si-DLC after 2 hours rubbing. This indicates that the intrinsic low-
friction properties of some DLCs are degraded by the steel counter-surface. Also, most DLCs 
except ta-C:H show high friction at intermediate speeds, and are significantly high for a-C:H:W 
and Si-DLC. The increased mixed friction may result from their large surface roughness as can 
be seen from Table 4.6. Only ta-C was able to give low boundary friction similar to that of 
DLC/DLC after 2 hours rubbing (compare figures 4.4b & 4.23b). Interestingly, the steel 
counterpart was able to improve the friction properties of a-C:H:WC. This DLC in DLC/DLC 
contacts exhibited high mixed friction because of large roughness and wearing-through 
behaviour whereas such behaviour was not noted in DLC/steel contacts. 
 
 
 
 
 
 
The friction characteristics of a-C and a-C:H can be seen from figures 4.22a and 4.22b. Both 
show similar friction behaviour, with few scratches on the surface (Fig. 4.24a,b & 4.25a,b) and 
steel counterparts did not acquire any carbon from the DLC discs (Fig. 4.16a, b). a-C:H:W 
shows a change in the Stribeck curve after 15 min (see figures 4.22c and 4.24c), as a result of 
transfer layer formation on steel counterpart. Carbon transfer occurred rapidly after 15 min (Fig. 
 
DLC 
No. 
 
DLC  
Name 
Ra (nm) 
DLC/DLC DLC/steel 
DLC Disc DLC ball DLC Disc Steel Ball 
1 
2 
3 
4 
5 
6 
7 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
10 
10 
10 
20 
13 
20 
60 
10 
10 
30 
200 
17 
50 
115 
35 
12 
75 
15 
300 
35 
25 
25 
35 
75 
35 
55 
50 
10 
Table 4.6 Comparison of surface roughness for DLC/DLC and DLC/steel contacts after 2 hours rubbing 
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4.24c), so that apparently the contact became DLC/DLC rather than DLC/steel. However, the 
contact was not able to produce low boundary friction as did for original DLC/DLC (Fig. 4.3c). 
This may be because the carbon transfer from DLC disc to steel ball resulted in more wear on 
DLC disc (Fig. 4.25c). Nevertheless, the transferred carbon layer prevents the steel ball from 
wear (Fig. 4.25c). Ultimately, the carbon transfer phenomenon made the surfaces rougher 
(Table 4.6), leading to high friction at intermediate speeds. With a-C:H:WC, although some 
carbon transfer occurred (Fig. 4.24d), it was not as rapid as a-C:H:W, resulting in less wear on 
DLC disc and more wear on steel ball (Fig. 4.25d). Nevertheless, the wear rates of steel balls 
rubbed against a-C:H:W and a-C:H:WC were similar.  
The rubbed surfaces were, however, relatively smooth (Table 4.6) and did not experience any 
wearing-through as observed with DLC/DLC. This smoothening resulted in a decrease in friction 
at intermediate speeds. Despite showing little scratches on steel ball (Fig. 4.24e), DLC discs of 
Si-DLC experienced partial wear (Fig. 4.25e), both ball and disc showed large roughness (Table 
4.6). This resulted in increased boundary and mixed friction. With ta-C, the carbon transfer to 
steel ball occurred almost immediately, as can be seen in Fig. 4.24f. However, not surprisingly, 
the steel ball experienced large wear (Fig. 4.24f & 4.25f), probably because of the high 
hardness of ta-C (Table 4.1). Despite showing large wear on the ball, the friction behaviour was 
not altered and neither an increase nor a shift in Stribeck curve (Fig. 4.22f) was noted. This 
clearly confirms the reputation of ta-C coatings in exhibiting low-friction behaviour both in 
DLC/DLC and DLC/steel contacts. In contrast, the steel ball in contact with ta-C:H did not 
experience large wear (Fig. 4.24g & 4.25g), rather smoothening of DLC disc occurred, as can 
be seen from Fig. 4.25g. The smoothening can be seen in the Stribeck curve at intermediate 
speeds, showing a continuous decrease in friction with time (Fig. 4.22g). 
4.5.2 Wear results                                                                                     .                                                                                         
. 
In pure sliding wear tests, all DLC/steel combinations followed the same trend as observed in 
mixed rolling-sliding friction tests, which means that the wear mechanism is consistent in both 
tests. Fig. 4.26 shows the wear tracks for DLC/steel contacts obtained from pure sliding wear 
test while their respective wear coefficients are shown in Fig. 4.27. A similar wear dependence 
on DLC type was observed for DLC/steel as was observed for DLC/DLC. a-C and a-C:H 
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coatings gave lowest wear followed, in order, by Si-DLC, ta-C, W-containing DLCs and ta-C:H 
coatings. 
4.6 General Discussion                                                              .                                                                 
. 
The wear results of DLC/DLC (Fig. 4.13) and DLC/steel (Fig. 4.27) contacts suggest the 
following: 
1. Effect of transfer layer: For steel/DLC contacts, a thick carbon transfer layer was formed 
only on the steel counterpart that rubbed against W-containing DLCs (a-C:H:W and a-
C:H:WC) and this transfer layer provides significant wear protection for the steel 
counterpart (Fig. 4.28a). Apparently, steel balls show less wear than DLC balls due to 
the presence of this transfer layer (Fig. 4.28a). Although both original DLC and the 
transfer layer mainly consist of carbon, the friction-induced transfer layer appears to 
exhibit better wear properties than the original DLC. This is evident by comparing the 
ball wear rate of a-C:H:W and a-C:H:WC in Fig. 4.28a. It should be noted that rapid 
transfer of carbon species from DLC disc to steel ball was beneficial for preventing the 
ball from wear, but detrimental for the a-C:H:W disc (evident from Fig. 4.28b). 
2. Influence of H/E and sp3 content on wear of hydrogen-free DLCs: Although both a-C and 
ta-C had similar and high H/E ratio, they exhibited different wear behaviour. a-C gave 
lower wear than ta-C coating, means that DLC with low sp3% (a-C) provides better wear 
prevention than high sp3% (ta-C). This is true for other DLCs Si-DLC and a-C:H, that had 
low sp3 content and high H/E ratio. Therefore, it appears from this study that high H/E 
ratio and low sp3 content are the important criteria for wear resistance rather than high 
hardness or high sp3 content, under the test conditions used. 
3. Influence of hydrogen on wear of a-C and ta-C coatings: Hydrogen appears to be 
beneficial for a-C both in DLC/DLC and DLC/steel contacts (evident from Fig. 4.29) 
whereas it is beneficial only DLC/DLC contacts for ta-C. 
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Overall, when the lubricant present is base oil, coating one of the contact surfaces rather 
than both appears to be beneficial in terms of wear (Fig. 4.29) for most of the DLCs but 
detrimental in terms of boundary friction (Fig. 4.30). 
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Fig. 4.22 Evolution of friction for DLC/steel 
contacts in base oil 
a-C/steel + BO 
Fig. 4.22a Fig. 4.22b 
a-C:H/steel + BO 
a-C:H:W/steel + BO 
Fig. 4.22c Fig. 4.22d 
a-C:H:WC/steel + BO 
Fig. 4.22e 
Si-DLC/steel + BO 
Fig. 4.22f 
ta-C/steel + BO 
Fig. 4.22g 
ta-C:H/steel + BO 
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Fig. 4.23 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
base oil 
Fig. 4.23b Fig. 4.23a 
Fig. 4.24 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in 
base oil 
Before Immediate 5 min 15 min 30 min 60 min 120 min 
a-C 
(a) 
a-C:H 
(b) 
a-C:H:W 
(c) 
a-C:H:WC 
(d) 
Si-DLC 
(e) 
ta-C 
(f) 
ta-C:H 
(g) 
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Fig. 4.25 Wear tracks for DLC/steel contacts after 2 hours rubbing in base oil 
(a) a-C (b) a-C:H 
(f) ta-C (g) ta-C:H 
(c) a-C:H:W (d) a-C:H:WC (e) Si-DLC 
DLC Discs 
Steel Balls 
DLC Discs 
Steel Balls 
DLC Discs 
Steel Balls 
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(a) a-C (b) a-C:H 
(c) a-C:H:W (d) a-C:H:WC (e) Si-DLC 
(f) ta-C (g) ta-C:H 
DLC Discs 
Steel Balls 
DLC Discs 
Steel Balls 
DLC Discs 
Steel Balls 
Fig. 4.26 Wear tracks from pure sliding wear tests for DLC/steel contacts after 4 hours rubbing in base oil 
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Fig. 4.27 Wear coefficients of DLC disc and steel ball from pure sliding 
wear tests after 4 hours rubbing in base oil 
Fig. 4.27 
Fig. 4.28 Wear coefficients of (a) ball and (a) disc in DLC/DLC and DLC/steel contacts after 4 hours 
rubbing in base oil 
Fig. 4.28a Fig. 4.28b 
Fig. 4.29 Composite wear coefficients for DLC/DLC and 
DLC/steel contacts after 4 hours rubbing in base oil 
Fig. 4.30 Boundary friction for DLC/DLC and DLC/steel 
contacts from friction tests in base oil 
Fig. 4.30 Fig. 4.29 
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4.7 Summary                                                                               .                                                                                  
. 
The friction and wear properties of various DLC coatings in base oil have been studied. A 
summary of the friction and wear results are listed in Table 4.7. 
 
DLCs 
+  
BO 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.070 
0.092 
0.060 
0.101 
0.096 
0.058 
0.068 
0.220 
0.097 
0.100 
0.095 
0.090 
0.104 
0.064 
0.080 
0.220 
0.16 
0.02 
9.84 
12.76 
0.22 
5.36 
0.20 
6.46 
0.06 
0.06 
10.5 
3.02 
0.21 
3.30 
8.21 
6.46 
The results suggest the following: 
1. Comparison of the friction and wear behaviour of DLC/DLC and DLC/steel contacts 
indicates that in terms of friction reduction, coating both the surfaces with DLC appears 
to be generally more beneficial than coating one of the surfaces, whereas coating just 
one of the surfaces appears to be generally beneficial in terms of wear. 
2. Influence of hydrogen on friction and wear: Hydrogen-free DLCs (i.e., a-C and ta-C) 
provide lower boundary friction properties than hydrogenated DLCs (i.e., a-C:H and ta-
C:H) with base oil, indicating that the presence of bonded hydrogen affects the friction 
properties both in DLC/DLC and DLC/steel contacts. a-C:Hs provide better wear 
properties than a-C in both DLC/DLC and DLC/steel contacts whereas ta-C:H provide 
better wear properties than ta-C only in DLC/DLC contacts.  
3. Influence of sp3 content on friction and wear: ta-C provides lower boundary friction than 
a-C in both DLC/DLC and DLC/steel contacts. In terms of wear, a-C and a-C:H (i.e. 
Table 4.7 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in base oil 
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DLCs with low sp3 content) provide much less wear compared to ta-C and ta-C:H (i.e. 
DLCs with high sp3 content) both in DLC/DLC and DLC/steel contacts. This indicates 
that DLCs with high sp3 content appear to have better friction properties than DLCs with 
low sp3 content in both DLC/DLC and DLC/steel contact, whereas DLCs with hydrogen 
and low sp3 content appears to have better wear properties. 
4. Influence of DLC type on friction and wear: Hydrogen-free DLCs provide lower boundary 
friction than the other DLC coatings while in terms of wear, W-DLCs experience more 
wear than the other coatings. a-C, a-C:H and Si-DLC provide negligible wear compared 
to the other coatings, in both DLC/DLC and DLC/steel contacts. 
5. Influence of hardness and H/E ratio: ta-C and ta-C:H show more wear than a-C and a-
C:H. This indicates that high hardness is not the only criteria for high wear resistance. 
The negligible wear coefficients of a-C, a-C:H and Si-DLC suggest that high H/E ratio 
and low sp3 content are the vital requirements for high wear resistance. 
6. Influence of hydrogen concentration in a-C:H coatings on friction and wear: The 
presence of hydrogen appears to be beneficial in terms of wear but detrimental in terms 
of friction. 
7. Influence of tungsten concentration in a-C:H:W coatings on friction and wear: Tungsten 
concentration does not affect friction whereas varied wear behaviour was noted. 
However, no clear wear trend based on tungsten concentration was seen. 
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Chapter 5 
FRICTION AND WEAR BEHAVIOUR OF 
DLC CONTACTS WITH ZDDP AND 
DISPERSANT-CONTAINING ZDDP 
SOLUTIONS 
 
 
 
 
This chapter first provides a review of previous work on the tribological 
behaviour of DLC coatings with ZDDP and highlights some unexplored 
areas. Experimental measurements of friction, wear and film-forming 
properties of ZDDP with and without dispersant on various DLC coatings are 
then presented and discussed. The influence on friction and wear of hydrogen 
and tungsten concentrations in a-C:H and a-C:H:W coatings is also 
examined. Finally, the key findings are summarised, which are: 
(1) ZDDP forms tribofilm on all DLCs but forms pads only on a-C:H:W. 
(2) Tribofilm formation is disrupted by dispersant and graphitisation. 
(3) Hydrogen concentration in a-C:H does not affect friction and wear. 
(4) Tungsten concentration in a-C:H:W does not affect friction but 
increases wear. 
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5.1 Introduction                . 
In automotive engines, in order to prevent metal to metal contact and to reduce adhesion, 
friction and wear of rubbing surfaces, a wide range of lubricant additives are normally used. 
These include friction modifiers, anti-wear (AW) and extreme pressure (EP) additives. It is 
widely accepted that these additives all reduce friction and wear by forming tribochemical layers 
(called tribofilms). However, since these additives were designed to work with ferrous-based 
surfaces, their friction and wear reduction mechanisms may be different (better or worse) when 
used with DLC coatings. This is especially likely since DLCs are generally considered to be 
chemically inert, whereas ferrous metals are, relatively speaking, chemically active.  Several 
additives have been studied to test and understand their tribological performance with DLCs, 
including a member of the most widely used type of antiwear additive, ZDDP [39]-[54]. In the 
following sections, a review of the behaviour of ZDDPs with DLCs will first be presented and 
then new results to explore the impact of ZDDP on the film forming, friction and wear properties 
of DLCs will be described.. 
5.2 Review of ZDDP behaviour with DLC                                    . 
In most DLC studies, DLCs have been investigated under self-mated (DLC/DLC) conditions or 
against a steel counterpart (DLC/steel). Podgornik et al [39],[40] evaluated WC-C contacts in 
both DLC/DLC and DLC/steel under starved, boundary and elastohydrodynamic (EHD) 
lubrication conditions in EP- and ZDDP-containing PAO oil. WC-C/steel was reported to give 
low friction and wear compared to WC-C/WC-C for most of their test solution under starved and 
boundary lubrication condition. EHD friction of WC-C/WC-C contacts were reported to be higher 
than WC-C/steel and steel/steel contacts, indicating that WC-C/WC-C contacts were not able to 
provide the same conditions for EHL film formation as the other combinations. Thus, it was 
concluded that higher speeds would be needed for WC-C contacts to form an adequate 
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separating film, or alternatively, at least one surface should be uncoated. The study also 
showed that for WC-C, both DLC/DLC and DLC/steel were able to provide faster and smoother 
running-in behaviour than the steel/steel contacts. The effect of EP/AW additives concentration 
and temperature on friction and wear of W-containing DLC coatings was also studied [41]. EP 
additive was found to have no influence on tribological behaviour of pure DLC (undoped) 
coatings, but it greatly influenced W-DLC coatings, giving significant friction reduction. This was 
attributed to the formation of a WS2-type tribofilm on the steel counterpart. Similar WS2-type 
tribofilm formation and reduced friction behaviour was noted for W-DLC/W-DLC contacts, but 
only when the steel substrate underneath was exposed by wear. Friction coefficient (0.2-0.25) 
and wear coefficient (80-120 x 10-17 m3/N m) at the end of 36,000 cycles were reported to be 
independent of temperature (20-200°C) for both base oil and additivated solutions. Higher EP 
additive concentration facilitated the rapid attainment of a low-friction state; however the lifetime 
of this state was limited due to an increased coating removal rate, which was not noted at lower 
additive concentrations [42]. In all of these studies on W-containing DLC coatings [39]-[42], no 
tribofilm or ZDDP-derived products were reported to form on W-DLC coatings.  
In contrast to the above studies [39]-[42], Kalin et al [43] reported the formation of ZDDP-
derived tribofilms [44]-[46] on W-DLC coatings. The effect of doped (Ti, W and Si) and non-
doped DLC coatings (a-C:H) on tribological performance was investigated. It was shown that 
metal-containing coatings in steel/DLC contacts suffered from severe adhesive wear both in 
base oil and additive-containing solutions, and, in particular, steel/W-DLC contacts experienced 
complete removal of coating. This behaviour was attributed to the formation of complex 
carbides in the contact. By contrast, in self-mated contacts, improved wear behaviour (65-80% 
lower wear volume) was reported for all doped and non-doped DLC coatings. The coefficient of 
friction of the coated contact increased when using additives, but it was still lower than in the 
reference steel/steel contact. The increased friction in these studies suggested that the acting 
mechanism responsible for the reduced wear in these contacts was not the formation of „low 
shear strength‟ boundary films, but some other mechanism [44].  
Temperature studies on a-C:H/a-C:H contacts showed reduced friction and increased wear 
behaviour when tested at 20, 80 and 100°C. Reduced friction and increased wear behaviour 
were attributed to the formation of a thin, amorphous tribochemical layer and graphitisation, 
respectively. The study also noted the possible formation of an oxygen-rich layer (chemical 
adsorption) in a-C:H contacts even at room temperature. However, similar studies on a-C:H 
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coatings by Spencer et al [47], [48] and Haque et al [49]-[50] did not report any oxygen-rich 
layer, but the possibility of tribofilm formation on a-C:H coatings was reported by both, the latter 
[50] only for coatings with low hydrogen content (14-16%).  Tribofilms were reported to be 
weakly adhered to the surface [48]. Topolovec-Miklozic et al [51] compared graphite-like (g-
DLC) and diamond-like (d-DLC) DLC coatings and reported that ZDDP formed tribofilms on 
both DLCs.  The former was reported to begin with low boundary friction but to approach the 
value of d-DLC over subsequent rubbing.  
The tribological properties of a-C:H and Ti-C:H contacts in ZDDP and MoDTC-containing 
solution were compared and the additive combination was found to improve friction and wear 
performances [52], in particular for DLC/DLC contacts. Further improvements in the boundary 
lubricating properties of DLC coatings were reported by addition of metals such as Ti, Fe and 
Mo [53].  
The typical friction and wear coefficients reported in the literature for various DLC coatings 
lubricated by ZDDP-containing oils under boundary lubrication condition [39]-[54] are listed in 
Table 5.1. The wear coefficients of DLC disc and steel counterpart ball are shown by „D‟ and „S‟ 
in brackets. 
DLC type Test conditions Friction Wear [x10
-17
 m
3
/Nm] Ref. 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
 
W-DLC or  
WC-DLC 
 
20°C, 4 GPa, 0.1m/s 
1 GPa, 50 HZ, 1mm 
 
0.06 
0.35 
 
0.055 
0.35 
 
500-700
+ 
≈ 10 
 
300
+ 
≈ 2 (D), 20 (S)
 
 
[39],[40] 
[43],[44] 
 
Si-DLC 
 
1 GPa, 50 HZ, 1mm 
880 MPa, 80°C, 0.1 m/s 
 
0.35 
- 
 
0.38 
0.07 
 
≈ 2 
- 
 
≈ 1 (D), 5 (S) 
NM 
 
[43],[44] 
[54] 
 
Ti-DLC 
 
1 GPa, 50 HZ, 1mm 
 
0.45 
 
0.38 
 
≈ 1.5 
 
≈ 0.9 (D), 2 (S) 
 
[43],[44] 
 
 
 
a-C:H 
1 GPa, 50 HZ, 1mm 
80°C , λmax=1.4, 20 Hz, 2mm 
100°C, 560 MPa, 0.015m/s, 6h 
100°C, 704 MPa, 0.015m/s, 6h 
100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
880 MPa, 80°C, 0.1 m/s 
0.25 
0.074 
- 
- 
0.09 
- 
0.4 
- 
0.1
‡
 
0.1 
- 
0.07 
 
≈ 1 nm 
- 
- 
- 
- 
≈ 1 (D), 8 (S) 
- 
Delaminated 
0.237(D), 1 (CI pin) 
- 
- 
[43],[44] 
 [47] 
[49] 
[50] 
[51] 
 
[54] 
a-C 100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
0.09
± 
- - - [51] 
ta-C and  
ta-C:H 
No known literature available 
Table 5.1 Typical friction and wear values reported in literature for DLCs tested in ZDDP solution 
 
DLC type Test conditions Friction Wear [x10
-17
 m
3
/Nm] Ref. 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
 
W-DLC or  
WC-DLC 
 
 
20°C, 4 GPa, 0.1m/s 
1 GPa, 50 HZ, 1m  
 
 
0.06 
0.35 
 
0.055 
.35 
 
500-700
+ 
≈ 10 
 
300
+ 
≈ 2 (D), 20 (S)
 
 
[[39], 
[ 0]] 
[[43], 
[44]
 
 
 
Si-DLC 
 
 
1 GPa, 50 HZ, 1mm 
880 MPa, 80°C, 0.1 m/s 
 
 
0.35 
- 
 
0.38 
0.07 
 
≈ 2 
- 
 
≈ 1 (D), 5 (S) 
NM 
 
[[43], 
[44]] 
 [[54]] 
 
Ti-DLC 
 
 
1 GPa, 50 HZ, 1m  
 
 
0.45 
 
0.38 
 
≈ 1.5 
 
≈ 0.9 (D), 2 (S) 
 
[[43], 
[44]] 
  
 
 
 
a-C:H 
 
1 GPa, 50 HZ, 1mm 
80°C , λmax=1.4, 20 Hz, 2mm 
100°C, 560 MPa, 0.015m/s, 6h 
100°C, 704 MPa, 0.015m/s, 6h 
100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
880 MPa, 80°C, 0.1 m/s 
 
 
0.25 
0.074 
- 
- 
0.09 
- 
 
0.4 
- 
0.1
‡
 
0.1 
- 
0.07 
 
 
≈ 1 
NM 
- 
- 
- 
- 
 
≈ 1 (D), 8 (S) 
- 
Delaminated 
0.237(D), 1 (CI pin) 
- 
- 
 
[[43], 
[44]] 
 [[47]] 
[[49]] 
[[50]] 
[[51]] 
[[54]] 
 
a-C 
 
100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
 
0.09
± 
 
- 
 
- 
 
- 
 
[[51]] 
 
ta-C and  
ta-C:H 
 
No known literature available 
+
mm
3
/mm; values with no superscripts are in [x10
-17
 m
3
/Nm]; 
‡
a-C:H/cast iron; 
± 
a-C studied was not pure 
(a-C:Cr), contained Cr; λ – lambda ratio.
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Although there have been several studies on DLCs with ZDDP or AW/EP additives [40]-[52] in 
recent years, the results are quite contradictory. Some researchers have reported that ZDDP-
derived tribofilm formed on DLC coatings [47], [48], [51] while some have reported they did not, 
or that no tribochemical reaction occurred between DLC and additive [40]-[43], [49]. Studies by 
Haque et al. showed that ZDDP-derived tribofilm formed on DLCs having 14-16 at.% H [50] but 
not on highly hydrogenated DLCs having 30 at.% H [49], whereas a similar study by De Barros 
Bouchet et al. on highly hydrogenated DLC having 50 at.% H reported the existence of ZDDP-
derived tribofilms [52].  
In order to understand the reasons for such contradictory results, it is important to note the 
differences in the DLCs studied by different authors [40]-[51]. These differences are 
summarised in Table 5.2. Only DLCs (a-C,a-C:H and a-C:H:W) relevant to this chapter are 
considered for comparison and it should be noted that most a-C:Hs studied had 14 - 50 at.% 
hydrogen and quite different results were reported. It is interesting to note that although [51] and 
[49] studied very similar, commercially-available a-C:H coatings, their results are quite 
contradictory; the former reported the existence of a tribochemical reaction between DLC and 
additive and the latter no such reaction. It is clear from these studies that although contradictory 
results were reported on similar DLC types, the concentration of hydrogen plays an important 
role in the film-forming properties of DLC coatings. Similarly, contradictory results were reported 
for studies on similar W-DLCs by [46] and [40], the former reported tribochemical reaction 
between DLC and additive exists whereas the later did not. It is not clear why such contradictory 
results were observed while studying the same, or quite similar, type of commercially-available 
DLC. 
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5.3 Comments based on the literature                                     .                                            
. 
In the literature, a considerable amount of work is described on hydrogenated and hydrogen-
free DLC coatings in dry/inert/vacuum environments – mainly for space and magnetic storage 
device applications. However most work on lubricated systems, and in particular research 
looking at additives such as ZDDP, has tended to focus on hydrogen-containing DLCs. The 
 DLC Coatings studied by other researchers 
 
 
Ref. 
DLCs 
studied 
DLC 
combination 
H  
(at%) 
Testing Temp. 
(°C) 
ZDDP/ 
AW/EP (wt 
%) 
DLC - additive interaction 
/ tribofilm formation 
 
[40] 
 
 
[41] 
 
 
[42] 
 
 
[43] 
 
 
 
[44] 
 
 
 
[45] 
 
[46] 
 
 
[47] 
 
[48] 
 
[49] 
 
[50] 
 
[51] 
 
 
[52] 
 
 
 
W-C:H 
 
 
a-C:H 
W-C:H 
 
W-C:H 
a-C:H 
 
a-C:H1 
a-C:H2 
a-C:H:W 
 
a-C:H1 
a-C:H2 
a-C:H:W 
 
a-C:H 
 
a-C:H:W 
a-C:H 
 
a-C:H 
 
a-C:H 
 
a-C:H 
 
a-C:H 
 
a-C:H 
a-C 
 
a-C:H 
a-C 
 
DLC/DLC & 
DLC/Steel 
 
DLC/Steel 
 
 
DLC/DLC & 
DLC/Steel 
 
DLC/Steel 
 
 
 
DLC/DLC 
 
 
 
DLC/DLC 
 
DLC/DLC 
 
 
DLC/DLC 
 
DLC/DLC 
 
DLC/CI 
 
DLC/CI 
 
DLC/DLC 
 
 
DLC/DLC & 
DLC/Steel 
 
- 
 
 
- 
 
 
- 
 
 
30 
30 
 
 
- 
- 
 
 
- 
 
30 
 
 
25 
 
- 
 
30 
 
14 – 16 
 
40 
- 
 
~50 
<5 
 
- 
 
 
20 – 200 
 
 
- 
 
 
80 
 
 
 
80 
 
 
 
20, 80, 150 
 
80 
 
 
80 
 
80 
 
100 
 
100 
 
100 
 
 
100 
 
- 
 
 
0.01 - 10 
 
 
- 
 
 
9.3% P 
 
 
 
9.3% P 
 
 
 
9.3% P 
 
9.3% P 
 
 
1 
 
- 
 
0.64 
 
0.64 
 
0.08% P 
 
 
700 ppm Zn 
 
No 
 
 
No 
No 
 
No 
No 
 
No 
No 
- 
 
Yes 
Yes 
Yes 
 
Yes 
 
Yes 
Yes 
 
Yes 
 
Yes 
 
No 
 
Yes 
 
Yes 
Yes 
 
Yes 
Yes 
Table 5.2 A review of a-C:H and a-C:H:W coatings with ZDDP/AW/EP solutions 
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potential of hydrogen-free DLCs has not been explored for automotive applications. It is also 
clear from the literature that there is far less consensus to behaviour when ZDDP is used with 
DLC than in dry DLC systems.   
Another limitation of previous DLC work is that the vast majority has studied either simple ZDDP 
solutions in base oil or fully formulated engine oils. It is difficult to infer ZDDP behaviour from the 
latter since formulated oils contain several film-forming additives, including detergents. However 
research using ZDDP alone tacitly assumes that other additives present in engine oils will not 
significantly alter the response of ZDDP on DLC surfaces. One group of additives which is 
known to affect ZDDP behaviour is engine oil dispersants. These additives have been reported 
to reduce ZDDP effectiveness, either by interacting with ZDDP in solution or at surfaces or by 
blocking surfaces [55]. In view of the lower polarity of DLC compared to ferrous surfaces, it is 
quite possible that such additives may have a much greater influence on ZDDPs when DLC 
surface are present than with steel. 
To address the limitations above, in the work described in this chapter, first, the behaviour of 
ZDDP with a wide range of DLC coatings is compared. Secondly, a-C is compared with a-C:H to 
obtain the influence of hydrogen, followed by the comparison of five a-C:Hs with varying 
hydrogen concentrations to obtain the influence of hydrogen concentration on friction and wear. 
Thirdly, four a-C:H:W coatings with varying tungsten concentration are compared to understand 
their behaviour with respect to friction, wear and film-forming properties with ZDDP.  
In order to explore the possible influence of dispersant, the friction and wear behaviour of ZDDP 
with various types of DLC coating is then studied dispersant present and the results compared 
with those of dispersant-free ZDDP solution. 
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5.4 Friction and wear tests with ZDDP                                           . 
All tests presented in this study were carried out by the author in the Tribology Group 
laboratories, Department of Mechanical Engineering, Imperial College London.  
The friction properties of ZDDP with and without monosuccinimde dispersant was studied for 
different DLC coatings combination using the MTM, operating in unidirectional, mixed rolling-
sliding condition as described in section 3.3.1, Chapter 3. Periodically during a two hours test, 
motion was halted and friction was measured over a range of entrainment speeds at 50% slide-
roll ratio, before slow speed rubbing was resumed. The anti-wear properties of ZDDP with and 
without monosuccinimide dispersant was studied for different DLC coatings combination using 
the MTM, operating in pure sliding condition as described in section 3.3.2, Chapter 3. The list of 
DLC coatings investigated and their properties was presented in Table 4.1, Chapter 4. 
5.5 ZDDP solution  results                                                            . 
5.5.1 DLC/DLC tribopair in ZDDP solution                                                 . 
5.5.1.1 Influence of DLC type                                                                       . 
The evolution of friction coefficient for DLC/DLC contacts in ZDDP solution is shown in Fig. 
5.1a-g and the friction for reference steel/steel tribocouple in ZDDP solution in Fig. 5.1h. Figures 
5.2(a) and 5.2(b) compare the friction coefficients of all DLCs initially and after 2 hours rubbing 
in ZDDP solution. By comparing figures 4.4a and 5.2a, with ZDDP, it can be seen that ZDDP 
solution produces an immediate reduction in friction for most DLCs compared to the base oil 
and is particularly significant for a-C:H:WC and Si-DLC. One exception is a-C, probably its 
original high sp2 graphitic surface is blocked by ZDDP molecules, so give increased friction with 
ZDDP. The observed reduction in friction with most DLCs clearly shows that ZDDP interacts with 
DLC surfaces. DLCs retains this reduced friction behaviour during 2 hours prolonged rubbing. 
The boundary friction of all DLCs was significantly lower than steel/steel. Normally, and as 
shown in Fig. 5.2(b), steel/steel lubricated by ZDDP gives increased friction in the intermediate 
speed region after rubbing. However such behaviour was not observed with the DLCs. One 
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similarity between base oil and ZDDP was that ta-C gave lower boundary friction in both cases 
followed, in order, by a-C/a-C:H, ta-C:H, W-DLCs and Si-DLC. This indicates a dependence of 
friction on the type of DLC. It is interesting to note that the wearing-through behaviour of a-
C:H:WC observed in base oil was not noted when lubricated by ZDDP solution [Fig. 5.3(a1,b1)], 
thus resulting in reduced friction at intermediate speeds. Also, Si-DLC continues to give quite 
high friction at high entrainment speeds, even after 2 hours rubbing. This suggests that the 
running-in of this DLC observed with base oil is retarded by the ZDDP. This is indicated by very 
similar surface features and roughnesses obtained from both base oil and ZDDP solutions [Fig. 
4.10(e1,e2) & 5.3(a2,b2)].   
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Fig. 5.1 Evolution of friction for DLC/DLC and steel/steel contacts in ZDDP solution 
a-C/a-C + ZDDP 
Fig. 5.1a 
a-C:H/a-C:H + ZDDP 
Fig. 5.1b 
a-C:H:W/a-C:H:W + ZDDP 
Fig. 5.1c 
a-C:H:WC/a-C:H:WC 
+ ZDDP 
Fig. 5.1d 
ta-C/ta-C + ZDDP 
Fig. 5.1f 
Si-DLC/Si-DLC + ZDDP 
Fig. 5.1e 
ta-C:H/ta-C:H + ZDDP 
Fig. 5.1g 
Steel/steel + ZDDP 
Fig. 5.1h 
124 
 
   
 
 
 
 
 
 
 
  
 
 
 
 
 
   
 
 
 
It can be seen from Fig. 5.2 that most of the DLCs either retained their initial friction values or 
gave slightly reduced values after 2 hours rubbing. This indicates that 2 hours of rubbing has 
negligible influence on friction. However, it was found from surface analysis that all DLCs show 
tribofilm formation after 2 hours rubbing. This was evidenced by a patchy, white layer from SEM 
micrographs, as shown in Fig. 5.4. A similar patchy layer was reported by [47]. EDX 
measurements were taken from this patchy layer and showed the presence of P, S and Zn 
elements, as summarised in Table 5.3. Since EDX is not a surface sensitive technique ToF-
Fig. 5.3 Rubbed surfaces of (a1, a2) disc and (b1, b2) ball for DLCs 4 and 5 after 2 
hours rubbing in ZDDP solution 
Fig. 5.3(a1) 
DLC Disc DLC Ball 
Ra = 11 nm Ra = 20 nm 
Fig. 5.3(b1) 
DLC 4 DLC 4 
Fig. 5.3(b2) Fig. 5.3(a2) 
DLC Disc DLC Ball 
Ra = 14 nm Ra = 17 nm 
DLC 5 DLC 5 
Fig. 5.2 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
ZDDP solution 
Fig. 5.2(a) Fig. 5.2(b) 
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SIMS was used to map the surface elements and it was found that the surface mainly 
comprised P, S and Zn-containing species, including thiophosphates, as can be seen from Fig. 
5.5. Brighter regions in the ToF-SIMS images indicate an abundance of triboelements and 
darker region indicate their absence. Thus, the ability of DLCs to form ZDDP-derived tribofilm is 
clearly evident from the measurements using SEM, EDX and ToF-SIMS. This is in agreement 
with some reports in the literature [45]-[48], [51], [52], but contrary to others [40], [42], [44], [49]. 
 
 
  
 
 
 
 
 
 
 
 
 
Fig. 5.4 SEM micrographs for DLC/DLC contacts in ZDDP solution 
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Table 5.3 Chemical composition of DLC surfaces after 2 hours rubbing in ZDDP solution (EDX) 
S PO2 PO3 PO4 PS2O PS4O P2S4H 
Fig. 5.5 ToF-SIMS chemical mapping of DLC surfaces in DLC/DLC contacts after 2 hours rubbing in 
ZDDP solution 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
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It is also interesting to know whether any pad-like tribofilm structures, as are normally observed 
on steel/steel rubbed in ZDDP-containing oils, form on DLC surfaces. ZDDP was found to form 
pad-like structures only on W-DLC surface, but even these were very tiny (< 30 nm diameter) 
compared to those formed on steel/steel (1-5 µm). This is evident from Fig. 5.6(a3), which 
shows tiny pads (surrounded by dotted lines for clarity) of very small ZDDP-derived tribofilm on 
W-DLC. Darker regions in the AFM lateral force maps indicate low lateral force and brighter 
regions indicate high lateral force so it can be seen that the tiny pads exhibit low lateral force 
[Fig. 5.6(b3)]. It appears that ZDDP pads are able to form only on DLCs containing reactive 
metallic elements like tungsten. For other types of DLC, the ZDDP-derived tribofilms appear to 
be patches (for ta-C and Si- DLC) or rolled debris (for a-C:H) along the track, as can be seen 
from figures 5.4 and 5.6. The thickness of the ZDDP tribofilms was assessed using AFM line 
profiling from a topography image that spanned the edge of the rubbed contact. This is shown 
for W-DLC in Fig. 5.7. In general the film thicknesses measured on the DLC discs were in the 
range of 10 - 20 nm, depending on the type of DLC. It should be noted that no graphitisation 
was noticed for any DLCs. 
 
 
  
 
 
  
 
 
 
 
Fig. 5.6 AFM (a) topography (vertical scale = 0 – 60 nm) and (b) lateral force (vertical scale = 0 – 120 nm) 
images of DLC surfaces in DLC/DLC contacts after 2 hours rubbing in ZDDP solution; scan size = 2 x 2 µm for 
DLCs and 20 x 20 µm for steel/steel 
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The wear tracks and wear coefficients obtained from pure sliding wear tests in ZDDP solution 
are shown in figures 5.8 and 5.9, respectively. It can be seen from these figures that a-C, a-C:H, 
Si-DLC and ta-C:H show no measurable wear whereas DLCs a-C:H:W, a-C:H:WC and ta-C 
show some wear. By comparing the wear coefficients of DLC/DLC contacts in base oil and 
ZDDP, it should be noted from figures 5.10 and 5.11a,b that ZDDP gave reduced wear for both 
ball and disc of all DLCs and significantly reduced wear for a-C:H:W. This indicates that ZDDP 
is an effective AW additive even for non-ferrous surfaces such as DLC coatings. The wear 
reduction (by a factor of 3) seen on a-C:H:W could probably be due to the presence of tiny, 
ZDDP-derived antiwear pads on the W-DLC surface. However, the wear of W-containing DLCs 
is still higher than that of the other DLC coatings. The trend of more wear on the disc than the 
ball seen with base oil is still evident with ZDDP. 
Fig. 5.7 Film thickness measurement for a-C:H:W coating in DLC/DLC contacts after 2 hours 
rubbing in ZDDP solution 
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Fig. 5.8 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in ZDDP solution 
 
Fig. 4.30 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in ZDDP solution 
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Fig. 5.9 Wear coefficients of DLC disc and DLC ball 
from pure sliding wear tests after 4 hours rubbing in 
ZDDP solution 
Fig. 5.9 
 
Fig. 4.31 
Fig. 5.10 Composite wear coefficients of DLC/DLC 
contacts from pure sliding wear tests after 4 hours 
rubbing in ZDDP solution 
Fig. 5.10 
 
Fig. 4.32 
Fig. 5.11 Wear coefficients of (a) ball and (b) disc in DLC/DLC contacts after 4 hours rubbing in base 
oil and ZDDP solution 
Fig. 5.11b 
 
Fig. 4.33b 
Fig. 5.11a 
 
Fig. 4.33a 
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5.5.1.2 Influence of hydrogen concentration in a-C:Hs with ZDDP          
. 
The friction and wear results of a-C and a-C:H are shown in figures 5.2b and 5.9, respectively, 
and indicate that hydrogen has negligible influence on friction and wear when ZDDP is present. 
In order to know whether the percentage of hydrogen in the coating has any influence on 
friction, wear and film-forming properties, a-C:H coatings with varying hydrogen content was 
studied in ZDDP solution. The properties of a-C:Hs are listed in Table 4.4 in Chapter 4. The 
evolution of friction for a-C and a-C:Hs are shown in Fig. 5.12. The Stribeck curves show that 2 
hours rubbing has negligible influence on friction. Comparison of friction coefficients initially and 
after 2 hours rubbing, as shown in Fig. 5.13, and wear results, as shown in figures 5.14 and 
5.15, show that all DLCs exhibit quite similar friction and wear. This indicates that presence and 
amount of hydrogen has no effect on friction and wear when rubbed in ZDDP solution. 
a-C:H3/a-C:H3 + ZDDP 
Fig. 5.12d 
a-C/a-C + ZDDP 
Fig. 5.12a 
a-C:H1/a-C:H1 + ZDDP 
Fig. 5.12b 
a-C:H2/a-C:H2 + ZDDP 
Fig. 5.12c 
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Fig. 5.13a Fig. 5.13b 
Fig. 5.13 Comparison of friction coefficients for a-C, a-C:Hs and steel/steel contacts (a) initially and (b) after 
2h rubbing in ZDDP solution 
Fig. 5.12 Evolution of friction for a-C and a-C:H contacts in ZDDP solution 
a-C:H4/a-C:H4 + ZDDP 
Fig. 5.12e 
a-C:H5/a-C:H5 + ZDDP 
Fig. 5.12f 
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(b) a-C:H1 
 
(b) DLC 2 
(a) a-C 
 
(a) DLC 1 
(c) a-C:H2 
 
(c) DLC 3 
Fig. 5.14 Wear tracks from pure sliding wear tests for a-C and a-C:H contacts after 4 h rubbing in ZDDP solution 
133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Although 2 hours of rubbing showed negligible influence on friction (Fig. 5.13) all DLCs show 
the formation of tribofilm with ZDDP, indicated by reduced friction (compare Stribeck curves of 
base oil and ZDDP, figures 4.15b and 5.13b). The formation of tribofilms is clearly evident from 
SEM micrographs, EDX results and AFM images shown in figures 5.16, 5.17 and 5.18, 
respectively. It should be noted from AFM images that all a-C:Hs show debris-like tribofilm 
species on the surface and these species exhibit low lateral force, indicated by dark regions in 
the lateral force maps (Fig. 4.18b). It can be seen from SEM micrographs (Fig. 5.16) that 
tribofilm in the form of a white layer is non-uniformly present as patches on a-C:Hs but only on 
top of asperities (high points) on a-C coatings. EDX measurements (Fig. 5.17) support the 
Fig. 5.15 Wear coefficients of a-C and a-C:H coatings from 
pure sliding wear tests after 4 hours rubbing in ZDDP solution 
 
Fig. 5.15 
Fig. 5.14 Wear tracks from pure sliding wear tests for a-C and a-C:H contacts after 4 hours rubbing in ZDDP 
solution 
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presence of ZDDP-derived products (P, S and Zn), indicating that ZDDP interacts with all DLCs 
irrespective of presence or absence of hydrogen and concentration of hydrogen in a-C:H 
coatings. However, the reactivity and the amount of triboelements present on the surface 
appears to slightly vary based on the concentration of hydrogen, as can be seen from Fig. 5.17.  
Although EDX is not a surface-sensitive technique, it has been used as a conservative 
approach to compare the concentration of triboelements. a-C and most a-C:H coatings were 
found to have similar concentrations of P, S and Zn in the tribofilms. However, among a-C:H 
coatings, the concentration of P, S and Zn (Fig. 5.17) in the tribofilms was found to decrease 
slightly when hydrogen content in the a-C:H coatings was increased from 17 to 22%, with an 
increase for the a-C:H with 25% H. These results are in agreement with results reported by [50], 
and indicate that a-C:Hs with low hydrogen content have favourable surfaces for the tribofilms 
to form. However, [50] also reported that the highly hydrogenated DLC may not form a film, but 
the observed increase in P, S and Zn concentration for 25% H a-C:H compared to 22% H a-C:H 
in this study indicates that the reaction between relatively highly hydrogenated DLC and ZDDP 
is possible and this is in support of the results reported by [52]. 
Fig. 5.16 SEM micrographs of DLC and steel discs after 2 hours rubbing 
in ZDDP solution 
5 µm 
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 Fig. 5.17 Comparison of elemental composition of ZDDP tribofilm formed on a-C 
and a-C:H coatings using EDX 
Fig. 5.17 
Fig. 5.18 AFM (a) topography (vertical scale = 0 – 60 nm) and (b) lateral force (vertical scale = 0 – 120 nm) 
images of a-C, a-C:H and steel surfaces after 2 hours rubbing in ZDDP solution; scan size = 2 x 2 µm for 
DLCs and 20 x 20 µm for steel/steel; vertical scale for DLCs 
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5.5.1.3 Influence of tungsten concentration in a-C:H:Ws with ZDDP      . 
The friction curves of a-C:H:Ws (i.e. a-C:H:W and a-C:H:WC) in Fig. 5.2 show quite similar 
friction behaviour but a-C:H:W showed lower wear than a-C:H:WC. The reduced wear on a-
C:H:W was attributed to the formation of tiny ZDDP-derived pads. However, it is interesting to 
know whether tungsten concentration has any significant influence on the friction, wear and film-
forming properties of a-C:H:W coatings. Thus, the four a-C:H:Ws listed in Table 4.5, section 
4.2.1.2, Chapter 4 were studied and their behaviour with ZDDP is discussed in this section. 
The evolution of friction for a-C:H:Ws with varying tungsten content is shown in Fig. 5.19. 
Comparison of friction coefficients of a-C:H:Ws initially and after 2 hours rubbing in ZDDP 
solution is shown in Fig. 5.20a & b. For comparison, friction coefficients of a-C and a-C:H 
coatings are also shown in Fig. 5.20. a-C gives lower boundary friction followed, in order, by a-
C:H and a-C:H:Ws both initially and after 2 hours rubbing. Among the a-C:H:Ws, a-C:H:W3 
exhibits slightly lower boundary friction than the other a-C:H:Ws. This may either result from low 
shear strength tribofilms or simply because the graphite inclusions in the coating were exposed 
during extended rubbing. In terms of wear, as shown in figures 5.21 and 5.22, a-C and a-C:H 
coatings show negligible wear whereas a-C:H:W coatings show more wear. This indicates that 
tungsten degrades the wear properties of DLC coatings. Among a-C:H:Ws, wear coefficient 
appears to increase with tungsten content in the coating, as shown in Fig. 5.22. Interestingly, a-
C:H:W1 shows negligible wear compared to the other a-C:H:W coatings. However, all a-C:H:Ws 
show ZDDP-derived tribofilm formation. This is evident from SEM, EDX and AFM 
measurements as shown in figures 5.23, 5.24 and 5.25, respectively. A white patchy layer was 
observed on all a-C:H:W surfaces (Fig. 5.23) and the P, S and Zn concentration present in the 
tribofilms appears to increase when tungsten content in the coating was increased (Fig. 5.24). It 
should be noted that although EDX is not a surface-sensitive technique, a clear increasing trend 
in the triboelements concentration is noted.  
AFM analysis revealed that ZDDP was able to form pad-like structure only on a-C:H:W coatings 
having high W% although these structures are very tiny (< 30 nm diameter) compared to those 
formed on steel/steel (1-5µm). This is evident from Fig. 5.25(a3,b3) which shows tiny pads 
(outlined by dotted lines for clarity) of very small ZDDP-derived tribofilm on a-C:H:W3. Darker 
regions in the AFM lateral force maps indicate low lateral force and brighter regions indicate 
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high lateral force so it can be seen that the tiny pads exhibit low lateral force [Fig. 5.25(b3)]. It 
appears that ZDDP pads are able to form only on DLCs containing higher concentration of 
reactive metallic elements like tungsten and perhaps not on all a-C:H:W coatings. But one may 
question why ZDDP pads were not seen on a-C:H:W4 which has 21% tungsten concentration.  
It appears for most of the a-C:H:W coatings that there is a competition between graphitisation 
and tribofilm formation. When the conditions are favourable for the surface to be graphitized, the 
formation of pad-like structure appears to be disrupted and, therefore, the surface mainly 
consists of a mixture of carbon and ZDDP-derived tribofilm rather than just tribofilms. One 
example of this kind can be observed with a-C:H:W4 in ZDDP solution in Fig. 5.26(a), where the 
Raman spectra show some surface graphitisation for a-C:H:W4 and not for a-C:H:W3 [Fig. 
5.26(b)]. This could be the reason for why ZDDP pads were not able to form on a-C:H:W4. 
Overall, the results suggest that tungsten concentration does not affect friction but does 
significantly affect wear and film-forming properties. 
 
 
 
 
 
 
 
 
 
a-C:H:W1/a-C:H:W1 + ZDDP 
Fig. 5.19a 
a-C:H:W2/a-C:H:W2 + ZDDP 
Fig. 5.19b 
a-C:H:W3/a-C:H:W3 + ZDDP 
Fig. 5.19c 
a-C:H:W4/a-C:H:W4 + ZDDP 
Fig. 5.19d 
Fig. 5.19 Evolution of friction for a-C:W coatings in ZDDP solution  
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 Fig. 5.20 Comparison of friction coefficients for a-C, a-C:H and a-C:H:W coatings (a) initially and (b) after 
2hours rubbing in ZDDP solution  
Fig. 5.20a Fig. 5.20b 
Fig. 5.21 Wear tracks from pure sliding wear tests for a-C, a-C:H and a-C:H:W contacts after 4 hours 
rubbing in ZDDP solution 
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Fig. 5.22 Wear coefficients of a-C, a-C:H and a-C:H:W coatings 
from pure sliding wear tests after 4 hours rubbing in base oil 
 
Fig. 5.22 
Fig. 5.24 Comparison of elemental composition of ZDDP 
tribofilm formed on a-C:H:W coatings using EDX  
 
Fig. 4.53 Comparison of EDX measurements on DLC 
surfaces in DLC/DLC contacts in (a) ZDDP and (b) 
dispersant containing ZDDP solution 
Fig. 5.24 
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100 µm 
Fig. 5.23 SEM micrographs of a-C:H:Ws after 2 hours rubbing in ZDDP 
solution 
a-C:H:W2 
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200 µm 
Fig. 5.26 Comparison of Raman spectra of (a) a-C:H:W4 and (b) a-C:H:W3 rubbed in ZDDP solution 
 
Fig. 4.53 Comparison of EDX measurements on DLC surfaces in DLC/DLC contacts in (a) ZDDP and 
(b) dispersant containing ZDDP solution 
Fig. 5.26a Fig. 5.26b 
Fig. 5.25 AFM (a) topography (vertical scale = 0 – 60 nm) and (b) lateral force (vertical scale = 0 – 120 mV) 
images of a-C:H:Ws after 2 hours rubbing in ZDDP solution; scan size = 2 x 2 µm 
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5.5.2 DLC/steel tribopair in ZDDP solution                                                . 
5.5.2.1 Friction and wear behaviour for range of DLC types             .                       
. 
The evolution of friction coefficient for DLC/steel contacts in ZDDP solution is shown in Fig. 
5.27. Figures 5.28(a) and 5.28(b) compare the friction coefficients of all the DLCs initially and 
after 2 hours rubbing in ZDDP solution. It can be seen from Fig. 5.28a that most DLCs except 
ta-C give higher initial friction than steel/steel at intermediate speeds. This may result from 
immediate ZDDP tribofilm formation on the steel counterpart (Fig. 5.29). As can be seen from 
the initial SLIM images Fig. 5.29, steel balls rubbed against DLCs a-C:H, a-C:H:WC and Si-DLC 
formed thicker films (70 - 90 nm) than the others (5 - 40 nm), and it is evident from Fig. 5.30 that 
thicker films correspond to high mixed friction. However, both a-C:H and a-C:H:WC show 
reduced mixed friction after 2 hours rubbing. This may result from the formation of a transfer 
layer on the steel counter-surface. The presence of such a layer on the steel ball rubbed against 
DLCs a-C:H and a-C:H:WC is evident from the Raman spectra shown in figures 5.31 and 5.32 
respectively. It should be noted that only a-C:H:WC showed graphitisation (indicated by an 
increase in ID/IG in Fig. 5.32) and it appears that the transfer of graphitised carbon to the steel 
ball disrupts the ZDDP tribofilm formation (figures 5.29d and 5.32) on the steel ball. Also, steel 
ball rubbed against ta-C showed large deformation and immediate material pile-up (Fig. 5.29). 
This is believed to be because of the very large difference in hardness between ta-C (8 times 
higher) and steel. However, its low friction performance was not affected (Fig. 5.27f). In general, 
transfer layer formation along with tribofilm formation was noted and the tribofilm thickness 
measured on the steel ball varied depending on the DLC type, as can be seen from Fig. 5.33.  
The wear tracks and wear coefficients obtained from pure sliding wear tests are shown in 
figures 5.34 and 5.35, respectively. DLCs a-C, a-C:H, ta-C and ta-C:H show much less wear 
than the doped coatings. 
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a-C/steel + ZDDP 
 
DLC1/steel + 
ZDDP 
Fig. 5.27a 
 
Fig. 4.34a 
a-C:H/steel + ZDDP 
 
DLC2/steel + ZDDP 
Fig. 5.27b 
 
Fig. 4.34b 
a-C:H:W/steel + ZDDP 
 
DLC3/steel + ZDDP 
Fig. 5.27c 
 
Fig. 4.34c 
a-C:H:WC/steel + ZDDP 
 
DLC4/steel + ZDDP 
Fig. 5.27d 
 
Fig. 4.34d 
Si-DLC/steel + ZDDP 
 
DLC5/steel + ZDDP 
Fig. 5.27e 
 
Fig. 4.34e 
ta-C/steel + ZDDP 
 
DLC6/steel + 
ZDDP 
Fig. 5.27f 
 
Fig. 4.34f 
ta-C:H/steel + ZDDP 
 
DLC7/steel + ZDDP 
Fig. 5.27g 
 
Fig. 4.34g 
Steel/steel + ZDDP 
 
Steel/steel + ZDDP 
Fig. 5.27h 
 
Fig. 4.34h Fig. 5.27 Evolution of friction for DLC/steel and steel/steel contacts in ZDDP solution 
 
Fig. 4.34 Evolution of friction for DLC/steel and steel/steel contacts in ZDDP solution 
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Fig. 5.28 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
ZDDP solution 
 
Fig. 4.35 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
ZDDP solution 
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Fig. 5.29 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in ZDDP solution 
 
Fig. 4.36 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in ZDDP solution 
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Fig. 5.31 Raman spectra taken on (a) as-deposited a-
C:H and (b) steel ball rubbed against a-C:H in ZDDP 
solution 
Fig. 5.30 Mixed friction versus tribofilm thickness for 
DLC/steel contacts in ZDDP solution 
Fig. 5.30 
 
Fig. 4.37 
Fig. 5.32 Raman spectra taken on (a) as-deposited a-
C:H:WC and (b) steel ball rubbed against a-C:H:WC 
in ZDDP solution 
Fig. 5.33 Tribofilm thickness measured with time on 
steel ball in ZDDP solution 
Fig.5.33 
 
Fig. 4.39 
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Fig. 5.34 Wear tracks from pure sliding wear tests of DLC/steel contacts after 4 hours rubbing in ZDDP solution 
 
Fig. 4.41 Wear tracks from pure sliding wear tests of DLC/steel contacts after 4 hours rubbing in ZDDP solution 
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5.5.2.2 Influence of ZDDP in the presence of steel counterpart          . 
The influence of ZDDP on friction and wear can be understood by comparing the results 
obtained in base oil and ZDDP solution. By comparing figures 4.23 and 5.28, it can be observed 
that only ta-C is able to retain low boundary friction properties when ZDDP solution lubricates 
DLC/steel tribopairs. For all other DLCs, ZDDP increases boundary and mixed friction, both 
initially and after 2 hours rubbing. It is possible that ZDDP molecules reduce the effectiveness of 
the low-friction surface of sp2-dominated DLCs. All DLCs except ta-C give a friction trend after 2 
hours rubbing similar to that of steel/steel. The reason may be that a ZDDP-derived tribofilm 
forms on the steel counterpart and, as a result, the contact exhibits friction behaviour similar to 
that of a ZDDP tribofilm-coated steel/steel. Because of this, the wear resistance of DLC/steel 
tribopairs might be expected to be better than DLC/DLC. However this is not noted. Instead, an 
increase in wear coefficient was noted for a-C:H:W, a-C:H:WC, Si-DLC and ta-C:H when rubbed 
in ZDDP solution (Fig. 5.36). Their composite wear coefficients were in the range of 4 x 10-17 to 
9 x 10-17 m3/Nm as can be seen from Fig. 5.36, comparable to that of steel/steel in base oil. In 
general, DLC/steel contacts showed reduced wear behaviour for most DLCs except a-C:H:WC 
and Si-DLC in ZDDP solution than in base oil (Fig. 5.37). This indicates the effective anti-wear 
role of ZDDP for DLC/steel contacts. However, in the presence of ZDDP, steel balls in steel/steel 
performed excellently with no measurable wear whereas steel balls rubbed against DLC 
coatings showed some wear. This indicates that the anti-wear properties of ZDDP tribofilms 
Fig. 5.35 Wear coefficients of DLC disc and steel ball 
from pure sliding wear tests after 4 hours rubbing in 
ZDDP solution 
Fig. 5.35 
 
Fig. 4.42 
Fig. 5.36 Composite wear coefficients for DLC/DLC 
and DLC/steel contacts in ZDDP solution 
Fig. 5.36 
 
Fig. 4.43 
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formed when steel rubs against steel disc are superior to those formed when steel rubs against 
DLC. This is probably influenced by other dynamic events like graphitization or carbon transfer 
layer that could change the tribological situation. 
5.5.2.3 Influence of steel counterpart in ZDDP solution                   . 
The influence of the steel counterpart against DLC when lubricated by ZDDP can be 
appreciated by comparing the results of DLC/DLC and DLC/steel contacts tested in ZDDP 
solution. It can be seen from figures 5.2 and 5.28 that all DLC/steel combinations lubricated with 
ZDDP solution give higher boundary and mixed friction than the corresponding DLC/DLC, both 
initially and after 2 hours of rubbing. For most DLCs, the boundary friction values approach the 
friction coefficient of steel/steel, with the friction coefficients of Si-DLC even being slightly higher 
than those for steel/steel. This indicates that even though DLCs are known to exhibit low 
boundary friction properties, if one of the contact surfaces is made to steel this low friction is lost 
or degraded during reaction of ZDDP with steel, as can be seen by comparing figures 5.2b and 
5.28b. Friction in the mixed lubrication regime at intermediate speeds is lower than for 
steel/steel but higher than for DLC/DLC. The one exception is ta-C which maintains relatively 
low friction with ZDDP even when rubbed against steel.  
Fig. 5.36 shows that the wear properties of DLCs were changed when the counterface was 
steel. This is evident from the increase in wear coefficients of the DLC discs when they were 
rubbed against a steel ball in ZDDP solution (Fig. 5.38) and shows a particular large increase 
with Si-DLC. It appears the combination of ZDDP and steel counter-surface degrades the wear 
properties of this DLC. One might expect more wear on the steel balls since they were rubbed 
against relatively harder DLC discs. However, one may also expect less wear on the steel balls 
when rubbed in ZDDP solution as they normally form thick, ZDDP-derived tribofilm. Although, 
the wear values of DLC balls and steel balls were very similar it can be seen from Fig. 5.39 that 
steel balls rubbed against Si-DLC, ta-C and ta-C:H showed slightly increased wear whereas 
those rubbed against a-C:H:W and a-C:H:WC showed reduced wear (Fig. 5.39) than DLC balls. 
In terms of film-forming properties on DLC disc, tribofilms were present in the form of patches 
and debris-like species (Fig. 5.40) similar to that of DLC/DLC contacts. However, no pad-like 
structure was noted in DLC/steel contacts. The DLC surfaces mainly comprised of P, S and Zn-
containing species, including thiophosphates, as can be seen from Fig. 5.41.  
148 
 
 
Fig. 5.37 Comparison of composite wear coefficients 
of DLC/steel contacts in base oil and ZDDP solution 
Fig. 5.37 
 
Fig. 4.44 
Fig. 5.38 Comparison of disc wear coefficients of 
DLC/DLC and DLC/steel contacts in ZDDP solution 
Fig. 5.38 
 
Fig. 4.45 
Fig. 5.39 Comparison of ball wear coefficients of 
DLC/DLC and DLC/steel contacts in ZDDP solution 
Fig. 5.39 
 
Fig. 4.46 
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Fig. 5.41 ToF-SIMS chemical mapping of DLC surfaces in DLC/steel contacts after 2 hours rubbing in 
ZDDP solution 
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Fig. 5.40 AFM (a) topography (vertical scale = 0 – 60 nm) and (b) lateral force (vertical scale = 0 – 120 mV) 
images of DLC surfaces in DLC/steel contacts after 2 hours rubbing in ZDDP solution (scan size = 2 x 2 µm for 
DLCs and 20 x 20 µm for steel/steel 
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5.5.2.4 Summary of DLC friction and wear behaviour in ZDDP solution                                                                                                      
. 
Wear results of DLC/DLC and DLC/steel contacts in ZDDP solution suggest the following: 
1. Effect of transfer layer: If a steel counter-surface is used against DLC, carbon species 
are noted on the steel for most DLCs but tribofilm formation is disrupted on the steel ball 
only for the DLC (a-C:H:WC) that shows graphitisation (evident from Fig. 5.39).  
2. Influence of H/E and sp3 content on wear of hydrogen-free DLCs: Although both a-C and 
ta-C have similar and high H/E ratio, they exhibit different wear behaviour. a-C gives 
lower wear than ta-C coating (Fig. 5.36), which means that DLCs with low sp3% (a-C) 
provides better wear prevention than high sp3% (ta-C). This is true for other DLCs (Si-
DLC and a-C:H) that have low sp3 content and high H/E ratio. Therefore, as noted for 
base oil, it appears that high H/E ratio and low sp3 content are a more important criteria 
for wear resistance than high hardness or high sp3 content, under the test conditions 
used. 
3. Influence of hydrogen on wear of a-C and ta-C coatings: Hydrogen appears to be 
beneficial in terms of wear for a-C coating in both DLC/DLC and DLC/steel contacts and 
for ta-C in DLC/DLC contacts whereas hydrogen degrades the wear properties of ta-C in 
DLC/steel contacts (Fig. 5.36). 
The friction results of hydrogen-free (a-C and ta-C) and hydrogenated (a-C:H and ta-C:H) DLCs 
in DLC/DLC and DLC/steel contacts show that a-C and a-C:H show similar friction behaviour 
whereas ta-C:H show higher friction than ta-C. This suggests that hydrogen has no influence on 
friction for a-C and a-C:H whereas the friction properties of ta-C is degraded when hydrogen 
was present in the coating. 
In terms of film-forming properties, all DLCs both in DLC/DLC and DLC/steel show ZDDP-
derived tribofilms. Table 5.4 compares the tribofilm structures in DLC/DLC and DLC/steel 
contacts. Pad-like structures are able to form only on DLCs that contain reactive elements such 
as tungsten (e.g. a-C:H:W and a-C:H:WC). It should be noted that tiny pad-like structures were 
found only on a-C:H:W and not on a-C:H:WC. This may be because DLC 4 experiences 
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graphitisation which hinders the pad formation. Although other DLCs show tribofilm species in 
the form of debris and patches, no significant pad-like structures were noted instead tribofilms 
appear to form on the asperity peaks. 
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Steel/steel DLC/DLC DLC/steel 
 
a-C a-C 
a-C:H a-C:H 
 
 
 
 
 
 
 
 
a-C:H:W 
 
 
 
 
 
 
 
 
a-C:H:W 
a-C:H:WC a-C:H:WC 
Si-DLC Si-DLC 
ta-C ta-C 
ta-C:H ta-C:H 
Table 5.4 Comparison of ZDDP tribofilms formed on DLCs in DLC/DLC and DLC/steel contacts 
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5.6 Dispersant containing ZDDP solution                                   . 
5.6.1 DLC/DLC tribopair in ZDDP + Dispersant solution           . 
The evolution of friction coefficient for DLC/DLC contacts in ZDDP solution containing 
dispersant is shown in Fig. 5.42. Figures 5.43(a) and 5.43(b) compare the friction coefficients of 
all DLCs initially and after 2 hours rubbing in dispersant-containing ZDDP solution respectively. 
It can be seen from these figures that ta-C gives lower boundary friction both initially and after 2 
hours of rubbing whereas friction behaviour of other coatings were similar and higher than ta-C. 
The wear tracks and their respective wear coefficients are shown in figures 5.44 and 5.45, 
respectively. W-containing DLCs (a-C:H:W and a-C:H:WC) give more wear whereas other 
coatings give negligible wear. EDX measurements taken on the DLC surfaces revealed that 
dispersant present in the ZDDP solution blocks the DLC surface from interacting with ZDDP 
molecules, or removed ZDDP tribofilm as it forms, resulting in reduced elemental concentration 
for dispersant-containing ZDDP solution compared to ZDDP solution, as shown in Fig. 5.46. 
The influence of dispersant in ZDDP solution on friction and wear can be obtained by comparing 
the friction and wear performance of ZDDP and dispersant-containing ZDDP solution. It can be 
seen by comparing figures 5.2b and 5.43b that all DLCs except ta-C showed increased 
boundary friction after 2 hours rubbing when rubbed in dispersant containing ZDDP solution. In 
terms of wear, most DLCs except a-C:H:W showed reduced wear (Fig. 5.47). AFM topography 
in Fig. 5.48 reveals that tribofilms on most DLCs were present as patches. No pad-like 
structures for a-C:H:W were noted when dispersant was present, unlike in the absence of 
dispersant (see Fig. 5.6a3,b3), which means that dispersant hinders the pad-like formation. The 
increased wear behaviour of a-C:H:W may result from the absence of pad-like structure.  
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Fig. 5.42 Evolution of friction for DLC/DLC and steel/steel contacts in dispersant containing ZDDP solution 
 
Fig. 4.48 Evolution of friction for DLC/DLC and steel/steel contacts in dispersant containing ZDDP solution 
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Fig. 5.43 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
dispersant containing ZDDP solution 
 
Fig. 4.49 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
dispersant containing ZDDP solution 
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Fig. 5.45 Comparison of wear coefficients of DLC/DLC 
contacts in dispersant containing ZDDP solution 
Fig. 5.45 
 
Fig. 4.51 
Fig. 5.47 Comparison of composite wear of DLC/DLC 
contacts in dispersant containing ZDDP solution 
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Fig. 5.46 Comparison of EDX measurements on 
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Fig. 5.44 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in dispersant 
containing ZDDP solution 
 
Fig. 4.50 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in dispersant 
containing ZDDP solution 
(h) Steel/steel 
 
(h) Steel/steel 
DLC Discs 
 
DLC Discs 
DLC Balls 
 
DLC Balls 
(g) ta-C:H 
 
(g) DLC 7 
(f) ta-C 
 
(f) DLC 6 
157 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
400nm400nm 400nm 400nm
400nm
400nm
a-C:H 
 
 
a-C:H:W 
 
DLC 3 
a-C:H:WC 
 
DLC 4 
Si-DLC 
 
DLC 5 
a-C 
 
DLC 1 
(a1) 
 
(a1) 
(a2) 
 
(a2) 
(a3) 
 
(a3) 
(a4) 
 
(a4) 
(a5) 
 
(a5) 
(b1) 
 
(b1) 
(b2) 
 
(b2) 
(b3) 
 
(b3) 
(b4) 
 
(b4) 
(b5) 
 
(b5) 
400nm
ta-C 
 
DLC 6 
Steel/steel 
 
 
Steel/steel 
 
(a6) 
 
(a6) 
(a7) 
 
(a7) 
(b6) 
 
(b6) 
(b7) 
 
(b7) 
Fig. 5.48 AFM (a) topography (vertical scale = 0 – 60 nm) and 
(b) lateral force (vertical scale = 0 – 120 mV) images of DLC 
surfaces in DLC/DLC contacts after 2 hours rubbing in 
dispersant containing ZDDP solution; scan size = 2 x 2 µm for 
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5.6.2 DLC/steel tribopair in ZDDP + Dispersant solution           . 
The evolution of friction coefficient for DLC/steel contacts in dispersant-containing ZDDP 
solution is shown in Fig. 5.49. Figures 5.50(a) and 5.50(b) compare the friction coefficients of all 
DLC/steel contacts initially and after 2 hours rubbing in dispersant containing ZDDP solution 
respectively. It can be seen from Fig. 5.50 that DLCs a-C:H, a-C:H:WC and Si-DLC showed 
increased mixed and boundary friction even initially and indeed higher than that of steel/steel. 
This may result from the rapid formation of tribofilms (mixture of carbon and ZDDP products) on 
these DLCs (Fig. 5.51). However, after 2 hours rubbing, all DLCs showed similar friction 
behaviour (Fig. 5.50b). This indicates that friction dependence on DLC type is negligible in the 
presence of dispersant. The tribofilms formed on steel balls rubbed against DLCs a-C, a-C:H:W 
and a-C:H:WC were thicker than on balls rubbed against other DLCs (Fig. 5.51). It is important 
to recall that with ZDDP solution, tribofilms formed on steel ball rubbed against a-C:H:WC were 
removed over time because of graphitisation of this DLC. However, no graphitisation was noted 
on a-C:H:WC when rubbed in dispersant-containing ZDDP solution, so tribofilm formation was 
not disrupted (Fig. 5.51d). The wear tracks and wear coefficients are shown in figures 5.52 and 
5.53, respectively. Most DLCs showed negligible wear except a-C:H:W and a-C:H:WC (metal 
doped DLCs). 
5.6.3 Influence of steel counterpart in dispersant-containing ZDDP 
solution on friction and wear                                                           . 
The influence of the steel counterpart can be assessed by comparing the results of DLC/DLC 
and DLC/steel contacts in dispersant-containing ZDDP solution. Comparison of friction results in 
figures 5.43 and 5.50 indicates that steel counter-surface increased the friction both initially and 
after 2 hours rubbing. In terms of wear, as shown in Fig. 5.54 most DLCs showed increased 
wear behaviour when steel counter-surface is present. 
5.6.4 Influence of dispersant on DLC/steel contacts                                .            
The influence of dispersant on DLC/steel contacts can be obtained by comparing the results of 
dispersant–free and dispersant-containing ZDDP solutions. By comparing figures 5.28 and 5.50, 
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it can be seen that all DLCs after 2 hours of rubbing showed increased boundary friction in the 
presence of dispersant, indicating that dispersants degrade the friction properties of DLCs. But, 
in terms of wear, the presence of dispersant showed reduced wear for most DLCs except a-
C:H:W and a-C:H:WC, as can be seen from Fig. 5.55. Also, steel balls rubbed against DLCs 
showed reduced wear with dispersant than without (Fig. 5.56). This indicates that dispersant 
appears to have some beneficial effects in terms of wear. In terms of film-forming properties, 
both steel balls (compare figures 5.29 and 5.51) and DLC discs (Fig. 5.57) showed reduced 
tribofilm thickness when dispersant was present in the ZDDP solution. It is important to mention 
that the surface of a-C:H:W contained patchy layers, which resulted in larger amounts of P, S 
and Zn elements being measured [Fig. 5.57(b)] on the surface than the other coatings. 
However, it is important to know whether thick tribofilms were formed on the DLC disc (a-
C:H:W) or tribofilms were transferred from the steel counterpart. EDX chemical mapping in Fig. 
5.58 shows that the tribofilm on a-C:H:W contains no carbon but large amounts of ZDDP 
products, indicating that tribofilms were transferred from steel counterpart. By comparing the 
topographies in figures 5.40 and 5.59, it can be seen that no patchy or wear-debris were 
present on the DLC surface and the original morphological features were still visible when 
rubbed in dispersant-containing ZDDP solution. This indicates that surfaces experienced 
negligible wear in the presence of dispersant. 
Comparison of the friction results of hydrogen-free (a-C and ta-C) and hydrogenated (a-C:H and 
ta-C:H) DLCs in DLC/DLC and DLC/steel contacts show that ta-C:H has higher friction than ta-C 
both in DLC/DLC and DLC/steel contacts whereas hydrogen appears to have no influence for a-
C coating in DLC/DLC contacts but to increases friction in DLC/steel contacts. 
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Fig. 5.49 Evolution of friction for DLC/steel and steel/steel contacts in dispersant containing ZDDP solution 
 
Fig. 4.55 Evolution of friction for DLC/steel and steel/steel contacts in dispersant containing ZDDP solution 
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Fig. 5.50 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
dispersant containing ZDDP solution 
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(h) Steel/steel 
 
(h) Steel/steel 
Fig. 5.52 Wear tracks from pure sliding wear tests of DLC/steel contacts after 4 hours rubbing in dispersant 
containing ZDDP solution 
DLC Discs 
 
DLC Discs 
Steel Balls 
 
Steel Balls 
DLC Discs 
 
DLC Discs 
Steel Balls 
 
Steel Balls 
DLC Discs 
 
DLC Discs 
Steel Balls 
 
Steel Balls 
(c) a-C:H:W 
(c) DLC 3 
(d) a-C:H:WC 
(g) ta-C:H 
(g) DLC 7 
(f) ta-C 
 
(f) DLC 6 
(a) a-C 
 
(a) DLC 1 
(b) a-C:H 
 
(b) DLC 2 
(e) Si-DLC 
(e) DLC 5 
163 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5.53 Comparison of wear coefficients of DLC/steel 
contacts in dispersant containing ZDDP solution 
Fig. 5.53 
 
Fig. 4.59 
Fig. 5.54 Comparison of composite wear coefficients 
of DLC/DLC and DLC/steel contacts in dispersant 
containing ZDDP solution 
Fig. 5.54 
 
Fig. 4.60 
Fig. 5.55 Comparison of composite wear of DLC/steel 
contacts in dispersant containing ZDDP solution 
Fig. 5.55 
 
Fig. 4.61 
Fig. 5.56 Comparison of steel ball wear in ZDDP and 
dispersant containing ZDDP solution 
Fig. 5.56 
 
Fig. 4.62 
Fig. 5.57 Comparison of EDX measurements on DLC surfaces in DLC/steel contacts in (a) ZDDP 
and (b) dispersant containing ZDDP solution 
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Fig. 5.58 EDX Chemical mapping taken on a-C:H:WC after 2 hours rubbing in dispersant containing ZDDP solution 
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Fig. 5.59 AFM (a) topography (vertical scale = 0 – 60 nm) and (b) lateral force (vertical scale = 0 – 120 mV) 
images of DLC surfaces in DLC/steel contacts after 2 hours rubbing in dispersant containing ZDDP solution; 
scan size = 2 x 2 µm 
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5.7 Durability of ZDDP tribofilms formed on DLC surfaces       .                     
. 
The results of tests where DLCs are rubbed with ZDDP-containing solutions showed the 
formation of ZDDP-derived tribofilms on DLC surfaces. It is important to know whether the 
tribofilms are strongly or weakly adhered to the DLC surface. This might explain some of the 
discrepancies in the literature since weakly-bound tribofilms may have been washed off prior to 
surface analysis in some studies but not in others. This question will be addressed in this 
section. The testing method adopted to assess the durability of ZDDP tribofilms was as follows. 
1. A normal 2 hour MTM test was carried out in ZDDP solution.   
2. ToF-SIMS chemical mapping was performed after testing in ZDDP solution. 
3. An MTM test was carried out in base oil solution using the same specimens. 
4. ToF-SIMS chemical mapping was done on discs at the end. 
5. Stribeck curves were obtained for three cases namely DLC+BO, DLC+ZDDP (step 
1), DLC+BO (step 3) and compared to see whether the Stribecks curves obtained at 
the end of step 3 were similar to that of base oil or ZDDP tests. 
6. ToF-SIMS images were compared to see whether P and S elements were present 
after testing in base oil solution. 
The Stribeck curves obtained for three cases mentioned above in step 5 are shown in Fig. 5.60. 
If the Stribeck curves obtained at the end of step 3 is similar to that of base oil then ZDDP 
tribofilms were removed during the base oil test, meaning that they were weakly adhered to the 
DLC surface whereas if the Stribeck curves are similar to that of ZDDP then ZDDP tribofilms 
were strongly adhered to the DLC surfaces. Despite the above expected hypothesis, all DLCs 
show the presence of P and S species at the end of step 3 as shown in Fig. 5.61 (b), indicating 
that ZDDP tribofilms formed on DLC surfaces are strongly adhered. One interesting observation 
when comparing the ToF-SIMS images for steps 2 and 4 is the absence of phosphate species 
with ta-C for the latter case. This indicates that phosphate species are weakly bonded to the ta-
C surfaces. 
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Fig. 5.61 (b) ToF-SIMS chemical mapping of DLC surfaces in DLC/DLC contacts after 2 hours rubbing 
in base oil after testing in ZDDP solution, step 4 
Fig. 5.61 (a) ToF-SIMS chemical mapping of DLC surfaces in DLC/DLC contacts after 2 hours rubbing 
in ZDDP solution, step 2 (same as Fig. 5.5, reproduced for comparison) 
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5.8 Summary                                                                   . 
The friction, wear and film-forming properties of ZDDP with and without monosuccinimide 
dispersant on various DLC coatings have been studied. Tables 5.5 and 5.6 list the friction and 
wear coefficients of DLCs in ZDDP and dispersant-containing ZDDP solutions. Some of the key 
findings are listed below. 
 
DLCs 
+  
ZDDP 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.070 
0.071 
0.080 
0.085 
0.090 
0.055 
0.080 
0.120 
0.110 
0.110 
0.110 
0.110 
0.130 
0.075 
0.103 
0.120 
0.19 
NMW± 
3.38 
9.11 
0.26 
2.46 
0.22 
0.080 
0.14 
0.02 
8.35 
9.89 
3.47 
0.86 
3.27 
0.08 
  
DLCs 
+ ZDDP 
+ Disp. 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.080 
0.085 
0.080 
0.106 
0.097 
0.045 
0.077 
0.128 
0.100 
0.111 
0.113 
0.117 
0.109 
0.101 
0.107 
0.128 
0.11 
NMW± 
9.51 
7.72 
0.08 
1.06 
0.06 
0.31 
0.14 
0.04 
10.33 
12.42 
0.21 
0.39 
0.44 
0.31 
 
1. Influence of ZDDP (compared to base oil):  
a. ZDDP tribofilms form on all DLCs but pad-like structures form only on a-C:H:W.  
This DLC has high W% and that did not experience graphitisation. The tiny pads 
on W-DLC coating significantly improve the wear properties. The graphitisation 
Table 5.5 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in ZDDP solution 
Table 5.6 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in dispersant-containing ZDDP solution 
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appears to disrupt the film-forming properties. Also, dispersants in ZDDP solution 
reduce the interaction of ZDDP with DLC, resulting in reduced tribofilm thickness 
formation on DLCs. In DLC/steel contacts, transfer layer formation on steel 
counterpart affects the tribofilm formation both on DLC disc and steel ball. 
b. With ZDDP, all DLCs show reduced boundary friction compared to base oil in 
DLC/DLC contacts while not in DLC/steel contacts. This indicates that tribofilms 
formed in DLC/DLC contacts have superior friction properties than those formed 
in DLC/steel contacts. Also, an increased friction trend was noted for DLCs in the 
following order, a-C, a-C:H and a-C:H:W. This indicates that addition of hydrogen 
and tungsten increases the boundary friction in DLC/DLC contacts. 
c. With ZDDP, all DLCs show reduced wear compared to base oil in DLC/DLC 
contacts while only for DLCs a-C, a-C:H, a-C:H:W, ta-C and ta-C:H do so in 
DLC/steel contacts. In general, DLCs a-C, a-CH and Si-DLC show negligible 
wear whereas tungsten-containing coatings show more wear. Also, increase in 
tungsten concentration in W-contacting coatings increases wear. 
d. The ZDDP tribofilms formed on DLC surfaces are strongly adhered. 
2. Comparison of the friction and wear behaviour of DLC/DLC and DLC/steel contacts 
indicates that coating both the surfaces appears to be more beneficial than coating one 
of the surfaces in terms of both friction and wear when rubbed in ZDDP solution, both 
with and without dispersant. 
3. Influence of hydrogen on friction and wear: ta-C provides lowest boundary friction 
properties in both DLC/DLC and DLC/steel contacts lubricated with ZDDP solution. a-C 
and a-C:H provide similar and negligible wear whereas ta-C:H provides better wear 
properties than ta-C. This indicates that hydrogen appears to be beneficial in terms of 
wear. 
4. Influence of sp3 content on friction and wear: ta-C provides lower boundary friction than 
a-C both in DLC/DLC and DLC/steel lubricated with ZDDP solution. This indicates that 
friction depends on sp3 content. In terms of wear, a-C and a-C:H (i.e. DLCs with low sp3 
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content) provide much less wear than ta-C and ta-C:H (i.e. DLCs with high sp3 content) 
both in DLC/DLC and DLC/steel contacts. 
5. Influence of DLC type on friction and wear: Hydrogen-free DLCs provide lower boundary 
friction than the other coatings, while in terms of wear, W-DLCs experience more wear 
than the other coatings. a-C, a-C:H and Si-DLC provide negligible wear, when lubricated 
with ZDDP solution, compared to other DLC coatings both in DLC/DLC and DLC/steel 
contacts. 
6. Influence of hardness and H/E ratio: ta-C and ta-C:H show more wear than a-C and a-
C:H in the presence of ZDDP. This indicates that high hardness is not the only criteria 
for high wear resistance. The negligible wear coefficients of a-C, a-C:H and Si-DLC 
suggest that high H/E ratio and low sp3 content are the vital parameters required for high 
wear resistance. 
7. Influence of hydrogen concentration in a-C:H coatings on friction and wear: Hydrogen 
concentration does not affect either friction and wear in the presence of ZDDP . 
8. Influence of tungsten concentration in a-C:H:W coatings on friction and wear: Tungsten 
concentration does not affect friction whereas wear increases as tungsten concentration 
in the coating increases in the presence of ZDDP. This increase in wear is probably due 
to graphitisation. 
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Chapter 6 
FRICTION AND WEAR BEHAVIOUR OF 
DLC COATINGS WITH GMO AND 
OLEIC ACID 
 
 
 
 
 
 
This chapter briefly reviews work on the tribological behaviour of DLC 
coatings with the friction modifier additives GMO and oleic acid and then 
presents new measurements of the friction and wear behaviour of various 
DLCs with GMO and oleic acid. The possible friction reduction mechanisms 
are discussed and the chapter ends with a summary of key findings, which 
are: 
(1) ta-C/steel combination in GMO gives superlow friction but high 
wear. Glycerol-ta-C interaction is the responsible mechanism for the 
superlow friction behaviour.  
(2) Oleic acid degrades the wear properties of most DLCs. 
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6.1 Introduction                . 
Friction modifier additives are widely used in engine oils to reduce friction. Commonly used 
friction modifiers include molybdenum dialkyldithiocarbamates (MoDTC), glycerol monooleate 
(GMO), oleyl amide, molybdenum dialkylthiophosphates, synthetic esters, phosphonates, 
molybdenum disulphide, graphite, etc. These friction modifiers are known for their effective 
friction-reduction behaviour with steel contacts. It is important to know how these friction 
modifiers work with DLC coatings. This chapter will present a brief review on the available 
literature concerning the friction modifier GMO with DLC and then present results for this friction 
modifier, and also for one of its breakdown products, oleic acid, with different types of DLC 
coating.  
6.2 Review of the behaviour of DLCs with GMO                         . 
This section will provide a brief review of the recent literature on the behaviour of GMO with 
DLC coatings. There appears to be no literature on oleic acid‟s behaviour with DLCs.   
6.2.1 GMO                                    . 
Glyceryl monooleate, GMO, is a widely used friction modifier in automotive lubricants.  It is 
commonly employed in lubricants for the European and US markets. GMO is a reaction product 
of glycerin (a natural alcohol with three hydroxyl group) and olein (main component oleic acid, a 
straight chain, unsaturated C18 carboxylic acid).  
The occurrence of ultralow friction with DLC coatings, especially with ta-C, has been 
demonstrated for GMO-containing lubricants [56][51], [62]-[67]. Friction coefficients as low as 
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0.006 were reported by [62], [63] and this “superlow” friction behaviour was attributed to very 
low-energy Van der Waals interactions between –OH-terminated DLC surfaces (hydroxylated 
carbon surfaces) sliding against each other. However, the mechanism by which friction is 
reduced in the presence of GMO is not clear. It is important to know whether GMO itself is 
responsible for the low-friction behaviour or one of its breakdown products, i.e. glycerol or oleic 
acid. Thus, in this study, the friction properties of both GMO and oleic acid were evaluated with 
different DLC coatings to understand the responsible friction-reducing mechanism. (It is difficult 
to study the effect of glycerol on friction directly since this is insoluble in hydrocabons). 
Hydrogen-free DLCs have received a great deal of interest because of the low friction behaviour 
when ta-C is used with GMO. However, the wear properties of DLCs with GMO do not appear to 
have been studied. The typical friction coefficients reported in the literature for DLC contacts 
tested in GMO-containing lubricants are presented in Table 6.1. 
± 
a-C and a-C:H studied was not pure, both contained Cr, (a-C:Cr, a-C:H:Cr). 
DLC type Test conditions 
(GMO) 
Friction Wear [x10
-17
 m
3
/Nm] Ref. 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
W-DLC, Si-DLC No known literature available 
 
 
 
No known literature 
 
 
a-C:H 
 
100°C, 1GPa, 0.1m/s, 50% SRR, 2h 
80°C, 270MPa, 50Hz, 15min - SRV 
80°C, 700 MPa, 0-1 m/s, 1h,sliding 
 
0.11
±
 
0.125 
- 
 
- 
- 
0.09 
 
[56] 
[62] 
[62] 
 
a-C 
 
100°C, 1GPa, 0.1m/s, 50% SRR, 2h 
 
0.09
±
 
 
- 
 
[56] 
 
ta-C 
 
80°C, 270MPa, 50Hz, 15min - SRV 
80°C, 700 MPa, 0-1 m/s, 1h,sliding 
At 0.1 m/s 
 
0.03 
 
- 
0.02 
0.006 
[62] 
[62] 
[62] 
 
ta-C:H No known literature available 
Table 6.1 Typical friction and wear values reported in literature for DLCs tested in GMO solution 
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6.2.2 Comments based on the literature                              .                                                  
1. Although superlow friction has been reported with the combination of ta-C and GMO, its 
friction mechanism is not clearly understood. 
2. The shaded columns and rows in Tables 6.1 indicate the unexplored areas. 
a. Some studies have demonstrated superlow friction performance of hydrogen-free 
DLCs (ta-Cs) with GMO, but the wear behaviour of this combination has not been 
reported.  
The current work attempts to focus on these unexplored areas, along with the need to improve 
our general level of understanding of the behaviour of additives with DLC coatings for 
automotive applications. The following sections will present the friction and wear behaviour of 
GMO and oleic acid with various types of DLC coating. 
6.3 Friction and wear results                              . 
All tests presented in this study were done by the author at the Tribology laboratory, 
Department of Mechanical Engineering, Imperial College London.  
The friction properties of GMO and oleic acid were studied for different DLC coatings 
combination using the MTM operating in unidirectional, mixed rolling-sliding condition, as 
described in section 3.3.1, Chapter 3. Periodically during a two hours test, motion was halted 
and friction was measured over a range of entrainment speeds at 50% slide-roll ratio, before 
slow speed rubbing was resumed.  
The anti-wear properties of GMO and oleic acid were evaluated with different DLC coatings 
combination using the MTM, operating in reciprocating, pure sliding condition as described in 
section 3.3.2, Chapter 3.  
The list of DLC coatings investigated and their properties are presented in Table 4.1, Chapter 4 
and the same designations as used to describe them in Table 4.1 is employed in the current 
chapter. 
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6.3.1 Results for GMO solution                                        .                                                        
. 
Previous studies [56], [62]-[66] have reported that GMO provides superlow friction with ta-C. 
Therefore, ta-C along with various other DLC types was studied with GMO in the current work. 
The following section will present the behaviour of various DLCs with GMO. It was interesting to 
know whether superlow friction arises from glycerol or oleic acid or from GMO itself. Therefore, 
friction properties of both GMO (presented in this section) and oleic acid (presented in section 
6.3.2) were evaluated. 
6.3.1.1 DLC/DLC tribopair in GMO solution                                      . 
The evolution of friction coefficient for DLC/DLC contacts in GMO solution is shown in Fig. 6.1. 
Figures 6.2(a) and 6.2(b) compare the friction coefficients of all the DLCs initially and after 2 
hours rubbing in GMO solution. It can be seen from Fig. 6.2a that hydrogen-free DLCs, both a-C 
and ta-C give low boundary friction initially, followed in order by their hydrogenated versions (a-
C:H and ta-C:H, W-DLCs and Si-DLC. However, after 2 hours rubbing, ta-C retains its low 
boundary friction whereas a-C:H shows an increase in boundary friction. All other DLCs showed 
negligible change due to rubbing. a:C:H:WC and Si-DLC showed increased friction at 
intermediate speeds both initially and after 2 hours rubbing. The friction versus lambda ratio 
curves plotted initially and after 2 hours rubbing as shown in Fig. 6.3 reveal that the increased 
mixed friction is not due to roughness effects, instead it is an intrinsic property of a:C:H:WC and 
Si-DLC, showing their inability to form films at intermediate speeds. This is similar to their 
behaviour with base oil. Two kinds of friction behaviour were noticed in GMO solution (Fig. 6.1). 
First, some DLCs (e.g. a:C:H:WC and Si-DLC) show higher friction at intermediate speeds than 
they do at low speed (significantly with Si-DLC), with friction increasing monotonically with 
speed in the low speed region. Second, some DLCs (e.g. a-C and a-C:H) show high friction at 
intermediate speeds and low friction at low speeds, but friction then increases again at very low 
speed (below 0.01 m/s). Similar behaviour was previously reported by [56]. Both mechanisms 
can be explained by the fact that GMO forms an adsorbed film which in the former case is able 
to survive and reduce friction on asperities when a high proportion of load is being supported by 
fluid film, i.e. at intermediate speeds, and also is able to support load even in the absence of 
fluid film, i.e. at very low-speed region, whereas in the latter mechanism the adsorbed film is not 
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able to support the load at very low speed region when the asperity pressure exceeds the level 
that the adsorbed film can withstand. One possible reason for high friction at intermediate 
speeds in both the mechanisms is that very thin, hydrocarbon films have higher shear strength 
than the adsorbed film. Thus, at intermediate speeds when the surfaces are separated by a 
very thin oil film the friction actually increases, contributed by the friction of adsorbed film and 
thin oil film.  Alternatively the boundary friction may simply increase with sliding speed [Ingram 
2011, Trib. Trans]. 
It should also be noted that some DLCs (e.g. a-C) transform from the former friction mechanism 
to the latter during extended rubbing (Fig. 6.1a), which means that initially a-C has low-friction, 
graphitic property which is lost when adsorbed/reacted films (having slightly higher shear 
strength than that of original sp2 graphite) is formed during rubbing, thus producing a change in 
the friction mechanism. The friction behaviour of ta-C and ta:C:H is straightforward and it is 
interesting to note a very similar friction Stribeck curve (Fig. 6.2b) for ta:C:H and steel/steel after 
2 hours rubbing even though both had quite different roughness values at that stage (composite 
Rq of 92 nm and 57 nm for ta-C:H and steel/steel respectively). All DLC surfaces retain the 
original topographical features, indicating that surfaces experience negligible wear as shown in 
Fig. 6.4. However, a:C:H, a:C:H:WC and Si-DLC show distorted grooves on the surface, clearly 
visible when derivatives of AFM topography maps were taken (Fig. 6.4c).  
ToF-SIMS spectra were obtained on the rubbed and unrubbed surfaces and spectra analysis 
was carried out as described in [64]. Three main GMO fragments were identified, „‟Fragment A‟‟, 
the acyl moiety, „‟Fragment C‟‟, the carboxyl moiety, and „‟Fragment E‟‟, an ester dehydroxylated 
from the original GMO molecule, as shown schematically in Fig. 6.5. Fragments A and E were 
obtained from the positive mass spectra and fragment C was obtained from negative mass 
spectra. All spectra were normalized in order to obtain relative comparison. GMO and oleic acid 
afford fragments A and C, and fragment E is obviously attributed to GMO [64]. All DLC surfaces 
show GMO ion fragments after 2 hours rubbing (Fig. 6.6). The relative intensities of fragments A 
and E were compared. If the relative intensity of the acid on the wear track is higher than that 
outside the wear track, then the acid exists on the wear track. Fig. 6.7 reveals that Si-DLC 
shows larger amounts of acid species on the wear track than the other coatings; possibly the 
acid on the wear track is responsible for the above-described former friction mechanism, 
resulting in a peculiar Stribeck curve. It should also be noted by comparing the fragments on 
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virgin surfaces and outside the wear track from Fig. 6.7 that all DLCs shows acid adsorption 
(Fig. 6.7a) whereas only a:C:H and ta-C show OH adsorption (Fig. 6.7b). This is probably the 
reason for the lower boundary friction response of ta-C and a-C:H than the other coatings. 
However, a patchy tribofilm layer was noted for all DLCs (Fig. 6.8) and in particular for Si-DLC 
and ta-C, for which the tribofilms were pushed towards the edge of the wear track during 
extended rubbing. 
In terms of wear, all DLCs except ta-C and steel/steel showed negligible or very small wear 
(figures 6.9, 6.10, 6.12). ta-C showed very high wear with GMO.  The increase in wear noted for 
both ta-C and steel/steel was reflected in their friction monitored during wear tests, showing a 
progressive increase during extended rubbing (Fig. 6.11) whereas all other DLCs showed 
reasonably stable friction behaviour during wear tests.  
6.3.1.1.1 Contribution of GMO to friction and wear                                   ..                                        
. 
The specific contribution of GMO to friction and wear can be obtained by comparing the friction 
and wear results of base oil and GMO. The initial low speed friction properties of all DLCs and 
steel/steel were reduced when GMO was used as compared to base oil (compare figures. 4.4 
and 6.2) except for a-C and ta-C:H. For a-C, it appears that the original graphitic nature has 
better friction capabilities with base oil than when GMO is used. This is also true for a:C:H:W 
with base oil, which showed low boundary friction after 2 hours rubbing (due to exposure of 
graphite inclusions in the coating). However, this property was lost when GMO was present.  
a:C:H:WC and Si-DLC showed low initial boundary friction at very low speed as described in the 
previous section. ta-C showed reduced and lower boundary friction than the other coatings both 
initially and after 2 hours rubbing, indicating the active role of GMO on this DLC. However this 
friction reduction was accompanied by a significant increase in wear rate, unlike the other 
DLCs, whose wear properties were improved by GMO, particularly a-C:H:W and a-C:H:WC (Fig. 
6.12). 
It is also important to know which DLCs parameters among hydrogen and sp3 content influence 
friction significantly. Friction tests were carried out on two ta-Cs (40% and 75% sp3 content) and 
two a-C:Hs (40% and 25% sp3 content) with different sp3 contents in base oil and GMO solution. 
The designation of ta-Cs used for this study are DLC #6 and #7 and a-C:Hs are DLC #12 and 
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#14 as described in Table 3.6 in section 3.1.2, Chapter 3. The resultant Stribeck curves are 
shown in Fig. 6.13. Both ta-Cs show similar friction response although their sp3 contents are 
different, indicating that influence of sp3 content on friction over the range present is small. The 
same is true with the two a-C:Hs. Thus, the results suggest that friction is more dependent on 
hydrogen content and DLC type than the level of sp3 content. 
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Fig. 6.1 Evolution of friction for DLC/DLC and steel/steel contacts in GMO solution 
a-C/a-C + GMO 
 
DLC1/DLC1 + 
GMO 
Fig. 6.1a 
 
Fig. 4.66a 
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Fig. 4.66b 
a-C:H:W/a-C:H:W + GMO 
 
DLC3/DLC3 + GMO 
Fig. 6.1c 
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Fig. 4.66d Si-DLC/Si-DLC + GMO 
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Fig. 6.2 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
GMO solution 
Fig. 6.2a 
 
Fig. 4.67  
Fig. 6.2b 
 
Fig. 4.67b 
Fig. 6.3 Comparison of friction coefficient versus lambda ratio for DLC/DLC contacts (a) initially and (b) after 
2 hours rubbing in GMO solution 
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Fig. 6.3a 
 
Fig. 4.68a 
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Fig.6.4 AFM (a) topography (vertical scale = 0 – 60 nm), (b) lateral force (vertical scale = 0 – 120 mV) and (c) 
derivative of topography of DLC surfaces in DLC/DLC contacts after 2 hours rubbing in GMO solution; scan 
size = 2 x 2 µm 
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Fig. 6.5 AFM Fragment ions from GMO and their molecular weights, reproduced from [64]  
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Fig. 6.6 ToF-SIMS chemical mapping (negative ions) of DLC surfaces in DLC/DLC contacts after 2 
hours rubbing in GMO solution 
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Fig. 6.7 Relative intensities of (1) fragments A and E and (2) fragments OH and GMO species, obtained from 
ToF-SIMS spectra 
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Fig. 6.8 SEM micrographs of DLC discs of DLC/DLC contacts after 2 hours 
rubbing in GMO solution 
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Fig. 6.9 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in GMO solution 
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Fig. 6.11 Comparison of friction responses during 
wear tests of DLC/DLC contacts in GMO solution 
Fig. 6.11 
 
Fig. 4.71 
Fig. 6.10 Comparison of wear coefficients of DLC/DLC 
contacts in GMO solution 
Fig. 6.10 
 
Fig. 4.70 
Fig. 6.12 Comparison of composite wear coefficients 
of DLC/DLC contacts in base oil and GMO solution 
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Fig. 6.13 Comparison of friction coefficients of (a) ta-Cs (40% and 75% sp
3
) and (b) a-C:Hs (40% and 
25% sp
3
) in DLC/DLC contacts with base oil and GMO 
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6.3.1.2 DLC/steel tribopair in GMO solution                                      . 
Friction coefficient behaviour for DLC/steel contacts in GMO solution is shown in Fig. 6.14. 
Figures 6.15(a) and 6.15(b) compare the friction coefficients of all DLCs initially and after 2 
hours rubbing in GMO solution respectively. It is interesting to note that a-C shows very low 
boundary friction (<0.01) immediately, presumably due to GMO adsorption. During rubbing, an 
increase in mixed friction was noted. This is probably partly due to an increase in roughness (Rq 
from 19 to 68 nm) but includes some additional factor since a plot of friction against lambda 
ratio (Fig. 6.17) did not result in superposition of the Stribeck curves. Nevertheless, the original 
nodular structures of a-C were still visible after 2 hours rubbing as shown in Fig. 6.18(a1, b1, 
c1). The wear track of a-C:H shows debris-like patches (figures 6.18a2 and 6.19), but its friction 
was little changed during rubbing (Fig. 6.14b). a-C:H:W shows quite high low speed friction 
coefficient initially but this rapidly falls to stabilize at level of ca 0.05. Friction was relatively little 
influenced for a-C:H:WC during extended rubbing, with only few scratches on the surface 
(figures 6.18 and 6.19). However, this DLC, together with Si-DLC, showed higher boundary 
friction than the other coatings. This may result from the absence of GMO species on the wear 
track, as shown by ToF-SIMS chemical maps in Fig. 6.20. A progressive increase in friction was 
noted for Si-DLC and ta-C:H, while no change in the surface features was noted (figures 6.16, 
6.18 and 6.19). It should be noted that although steel ball rubbed against ta-C showed large 
wear (Fig. 6.16) the contact exhibited stable friction throughout the extended rubbing of 2 hours 
(Fig. 6.14f). This may probably result from the presence of GMO ion fragments on the wear 
track (Fig. 6.20). 
It should be noted that no transfer layer was found on steel balls (Fig. 6.16), probably GMO 
molecules blocked the DLC surface and prevented carbon transfer phenomena. 
The wear tracks from pure sliding wear tests are shown in Fig. 6.21 and the calculated wear 
coefficients from their respective wear volumes are shown in Fig. 6.22. W-containing DLCs (a-
C:H:W and a-C:H:WC) show more wear than the other coatings whereas a-C, a-C:H and Si-
DLC show negligible wear. It is interesting to note that steel counter-surfaces of a-C and ta-C:H 
show large wear than the DLC disc; probably the combination of steel and GMO degrades their 
wear properties. 
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6.3.1.2.1 Contribution of GMO to friction and wear in the presence of 
steel counter-surface                                                           . 
The specific influence of GMO on friction and wear can be obtained by comparing the friction 
and wear results of base oil and GMO in DLC/steel contacts. Comparison of initial Stribeck 
curves of DLCs rubbed in base oil and GMO shown in figures 4.23a and 6.15a, respectively 
indicate reduced boundary friction for all DLCs with GMO. This suggests GMO adsorption. Most 
DLCs after 2 hours rubbing retained their reduced boundary friction except Si-DLC, which 
showed friction similar to that of base oil. a-C shows very low boundary friction when GMO as 
compared to a-C:H and ta-C is used, suggesting that low sp3 content and absence of hydrogen 
in the coating are the key factors for its low boundary friction performance with GMO.  
In terms of wear, GMO appears to be beneficial for a-C:H:W, ta-C and ta-C:H but detrimental for 
DLCs a-C, a-C:H:WC and Si-DLC, as shown in Fig. 6.23. a-C:H showed similar wear properties 
irrespective of whether or not GMO was present. The friction responses monitored during wear 
tests are shown in Fig. 6.24. DLCs (a-C:H:W, ta-C and ta-C:H) that showed reduced wear with 
GMO show reduced and stable friction whereas DLCs (a-C, a-C:H:WC and Si-DLC) that 
showed higher wear show unstable friction behaviour. Interestingly, ta-C shows superlow 
friction of about 0.0038 at the end of 4 hours rubbing. 
6.3.1.2.2 Influence of steel counterface on friction and wear           .                                                       
. 
The influence of a steel counter-surface can be ascertained by comparing the friction and wear 
results of DLC/DLC with DLC/steel contacts. The Stribeck curves of base oil and GMO solution 
both initially and after 2 hours rubbing are shown in figures 6.2 and 6.15. These indicate that a-
C exhibits lower friction with steel counter-surface than without, whereas ta-C is not able to 
retain the low friction it exhibits in DLC/DLC contacts when one surface is steel. However, ta-C 
shows superlow friction in the pure sliding wear test. This supports the reputation of hydrogen-
free DLCs in providing low friction with GMO but also indicates a dependence on sp3 content 
and test conditions for H-free DLCs; i.e. low sp3 content a-C provides superlow friction in mixed 
rolling-sliding conditions whereas high sp3 content ta-C provides superlow friction in pure sliding 
(reciprocating) conditions. All previous low friction work on ta-C has used pure sliding contact 
conditions.   
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In general, films (adsorbed or reacted) formed on DLC surfaces of DLC/DLC and DLC/steel 
contacts are different. One example is observed with a-C:H:WC and Si-DLC, where the ability of 
the GMO film to support load at very low speeds in DLC/DLC contacts was lost when a steel 
counter-surface was used (compare the Stribeck curves of these DLCs, Figs. 6.2 and 6.15). In 
terms of wear, all DLCs except ta-C showed increased wear behaviour when steel counterface 
was used (Fig. 6.25). Nevertheless, a-C, a-C:H, Si-DLC and ta-C:H exhibit almost negligible 
wear compared to the other coatings even with a steel countersurface. Overall, the results 
suggest that coating one of the surfaces appears to be beneficial in terms of friction but not for 
wear. However, GMO markedly reduced the wear of the ta-C/steel (Fig. 6.25) which showed 
large wear in DLC/DLC contacts. 
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Fig. 6.14 Evolution of friction for DLC/steel and steel/steel contacts in GMO solution 
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Fig. 6.15 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
GMO solution 
Fig. 6.15b 
 
Fig. 4.77b 
Fig. 6.15a 
 
Fig. 4.77a 
Fig. 6.16 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in GMO solution 
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Fig. 6.17 Friction versus lambda ratio curve for DLC1/steel 
contacts initially and after 2 hours rubbing in GMO solution 
Fig. 6.17 
 
Fig. 4.79 
Fig. 6.19 SEM micrographs of DLC discs of DLC/steel contacts after 2 hours 
rubbing in GMO solution 
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Fig. 6.18 AFM (a) topography (vertical scale = 0 – 60 nm), (b) lateral force (vertical scale = 0 – 120 mV) and 
(c) derivative of topography of DLC surfaces in DLC/steel contacts after 2 hours rubbing in GMO solution; scan 
size = 2 x 2 µm  
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Fig. 6.20 ToF-SIMS chemical mapping (negative ions) of DLC surfaces in DLC/steel contacts after 2 
hours rubbing in GMO solution 
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Fig. 6.21 Wear tracks from pure sliding wear tests of DLC/steel contacts after 4 hours rubbing in GMO solution 
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Fig. 6.23 Comparison of composite wear coefficients 
of DLC/steel contacts in base oil and GMO solution 
Fig. 6.23 
 
Fig. 4.84 
Fig. 6.22 Comparison of wear coefficients of DLC/steel 
contacts in GMO solution 
Fig. 6.22 
 
Fig. 4.83 
Fig. 6.24 Comparison of friction responses during 
wear tests of DLC/steel contacts in GMO solution 
Fig. 6.24 
 
Fig. 4.85 
Fig. 6.25 Comparison of composite wear coefficients 
of DLC/DLC and DLC/steel contacts in GMO solution 
Fig. 6.25 
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6.3.2 Oleic acid solution                                                                          . 
6.3.2.1 DLC/DLC tribopair in Oleic acid solution                                       . 
Figures 6.26(a) and 6.26(b) compare the friction coefficients from MTM rolling-sliding friction 
tests for all DLCs, initially and after 2 hours rubbing in oleic acid solution. The complete sets of 
Stribeck curves, AFM data and wear maps for each DLC are included in Appendix 2. It can be 
seen that a-C shows very low boundary friction initially followed, in order, by Si-DLC, ta-C, a-
C:H:WC, ta-C:H, a-C:H:W and a-C:H. However, the low friction properties of a-C were markedly 
lost during extended rubbing, in contrast with GMO where the friction loss was not significant. 
No mechanical change such as increase in roughness or wear was noted on the rubbed surface 
of a-C after 2 hours rubbing. This suggests that the initially present, low shear strength 
adsorbed layer, broke down during extended rubbing to exhibit high friction. a-C:H initially 
showed high friction behaviour which subsequently reduced during extended rubbing (Fig. 
6.26b), similar to behaviour with GMO. The rubbed surfaces of a-C:H showed no mechanical 
damage, so the observed reduction in friction after 2 hours rubbing is due to reacted oleic acid 
tribofilm. a-C:H:W shows negligible change in friction with time although the DLC counter-
surface experienced some wear (Fig. 6.27). Similar behaviour was noted with GMO. a-C:H:WC 
shows negligible change in boundary friction but significant reduction in mixed friction after 2 
hours rubbing. This is probably due to a decrease in composite roughness, Rq from 35 nm to 18 
nm after 2 hours rubbing. No reduction in either boundary or mixed friction was noted with 
GMO. 
Si-DLC exhibits an interesting behaviour initially, showing high friction at intermediate speeds 
and very low friction at low speeds. The low friction at low speeds may result from the low shear 
strength of the adsorbed film, while high friction at intermediate speed high arises from friction 
contribution by both adsorbed film and thin oil film, resulting in increased friction at intermediate 
speeds. However, the low boundary friction was lost during prolonged rubbing, presumably the 
adsorbed film was broken or the reacted film exhibit higher shear strength than the adsorbed 
film. The friction levels were lower than observed with GMO. ta-C and steel/steel contacts show 
negligible influence on friction with time and friction is higher than that of GMO. Their rubbed 
surfaces show no mechanical damage. A progressive reduction in friction is noted for ta-C:H 
although the surfaces experience large wear compared to the other coatings and the friction is 
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comparable with GMO. This indicates that oleic acid film is effective in providing reduced friction 
behaviour. Overall, a-C:H:W, a-C:H:WC and ta-C show more wear whereas other coatings 
show negligible wear and in general GMO appears to exhibit better wear resistance properties 
then oleic acid, as shown in Fig. 6.28. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.26 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
oleic acid solution 
Fig. 6.26a 
 
Fig. 4.88  
Fig. 6.26b 
 
Fig. 4.88b 
Fig. 6.27 Comparison of wear coefficients of DLC/DLC 
contacts in oleic acid solution 
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Fig. 6.28 Comparison of composite wear coefficients of 
DLC/DLC contacts in base oil, GMO and oleic acid 
solution 
Fig. 6.28 
 
Fig. 4.97 
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6.3.2.2 DLC/steel tribopair in Oleic acid solution                                      . 
Figures 6.29(a) and 6.29(b) compare the friction coefficients of all DLCs initially and after 2 
hours rubbing in oleic acid solution, respectively. The complete sets of Stribeck curves, AFM 
data and wear maps for each DLC are included in Appendix 2. Fig. 6.30 shows the SLIM 
interference images taken on steel balls rubbed against different DLCs. It can be seen from Fig. 
6.29b that a-C shows lower boundary friction after 2 hours rubbing followed, in order, by DLCs 
ta-C:H, ta-C, Si-DLC, a-C:H, a-C:H:WC and a-C:H:W. a-C and a-C:H show a progressive 
decrease in friction during extended rubbing although their composite roughnesses Rq 
increases from 19 nm to 29 nm and 16 nm to 35 nm, respectively. This is probably due to the 
formation of thin oleic acid films on the DLC surfaces. Despite showing reduced boundary 
friction, friction coefficients of these DLCs are higher than those of GMO. In contrast, a-C:H:W 
and a-C:H:WC show progressive increase in boundary friction, probably due to combined effect 
of increased roughness and transfer layer formation (Fig. 6.30c,d). The original nodular 
structures of these DLCs were markedly different and distorted after 2 hours rubbing. These 
DLCs in GMO solution showed lower boundary friction and exhibited no transfer layer formation 
on the steel counter-surface. 
Si-DLC and ta-C show negligible change in friction during extended rubbing although the steel 
counter-surface rubbed against ta-C experienced large wear and their friction coefficients are 
lower than those of GMO. ta-C:H shows significant reduction in both boundary and mixed 
friction, probably due to smoothing effect as the composite roughness Rq decreased from 90 nm 
to 25 nm whereas this DLC with GMO showed increased boundary friction. It terms of wear, it 
can be seen from figures 6.31 and 6.32 that a-C, a-C:H and Si-DLC, that showed negligible 
wear with other additives, experienced some wear, which means that steel and oleic acid 
combination degrades the wear properties of these DLCs. a-C:H:W and a-C:H:WC show more 
wear than the other coatings. Overall, oleic acid degrades the wear properties of most of the 
DLCs. 
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Fig. 6.29 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
Oleic acid solution 
Fig. 6.30 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in oleic acid 
solution 
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6.4 Mechanism of GMO with DLCs                                              ... 
The friction results suggest that oleic acid is not the key species for the low friction performance 
of ta-C, though it does seem to work well with a-C. As reported by other researchers, glycerol 
forms OH-terminated surface and allow easy shear between the mated pair. This along with the 
high sp3 content is the responsible mechanism for ta-C‟s low friction behaviour, especially in 
pure sliding condition with steel counter-surface. However, ta-C exhibits poor wear resistance 
properties. By far, a-C and a-C:H exhibit excellent wear resistance properties in DLC/DLC 
contacts, however, their wear resistance properties were degraded to some extent when steel 
counter-surface was present. No such superlow friction behaviour was noted with other DLCs, 
suggesting that absence of hydrogen and high sp3 content are the two key factors responsible 
for the superlow friction responses. 
6.5 Summary                                                                   . 
The behaviour of GMO and oleic on various types of DLC coating has been studied. The friction 
and wear results are summarised in Tables 6.2 and 6.3.  
 
 
 
Fig. 6.31 Comparison of wear coefficients of DLC/steel 
contacts in oleic acid solution 
Fig. 6.31 
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Fig. 6.32 Comparison of composite wear coefficients of 
DLC/steel contacts in base oil, GMO and oleic acid solution 
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DLCs 
+  
GMO 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.063 
0.052 
0.080 
0.085 
0.083 
0.041 
0.068 
0.067 
0.026 
0.066 
0.060 
0.088 
0.100 
0.067 
0.067 
0.067 
NMW± 
NMW± 
0.51 
0.01 
0.17 
32.0 
0.06 
5.70 
0.57 
0.02 
3.61 
16.5 
0.72 
3.22 
0.58 
5.70 
 ±NMW – no measurable wear 
 
DLCs 
+  
Oleic acid 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.070 
0.040 
0.073 
0.071 
0.079 
0.060 
0.062 
0.070 
0.043 
0.072 
0.101 
0.093 
0.070 
0.058 
0.055 
0.070 
0.03 
NMW± 
12.52 
12.54 
0.010 
20.00 
200.0 
0.31 
0.80 
1.70 
1.90 
17.0 
8.16 
9.00 
1.60 
0.31 
 ±NMW – no measurable wear 
The results suggest the following: 
1. Superlow friction behaviour was noted with ta-C/steel in GMO solution and ta-C:H/steel 
in oleic acid solution. Two factors responsible/required for superlow friction behaviour 
are high sp3 content and a steel counter-surface. However, the responsible friction 
mechanism appears to be quite complex and the behaviour depend on various 
parameters such as hydrogen in the coating, sp3 content and counter-surface material.  
Table 6.2 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in GMO solution 
Table 6.3 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in oleic acid solution 
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2. In general, in mixed rolling-sliding condition, the low-friction performance is driven by 
presence or absence of hydrogen in DLC/DLC contacts whereas driven by sp3 content in 
DLC/steel contacts. Thus, in DLC/DLC contacts, glycerol-DLC interaction is the 
responsible low-friction mechanism for hydrogen-free DLCs (a-C and ta-C) and acid-
DLC interaction for hydrogenated DLCs (a-C:H and ta-C:H). In DLC/steel contacts, 
glycerol-DLC interaction is the possible low friction mechanism for DLCs with low sp3 
content (a-C and a-C:H) whereas acid-DLC interaction for DLCs with high sp3 content 
(ta-C and ta-C:H). 
3. In general, oleic acid degrades the wear resistance properties of most of the DLCs and 
so is not likely to be responible for the beneficial lubrication properties of GMO with 
DLCs. 
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Chapter 7 
FRICTION AND WEAR BEHAVIOUR OF 
DLC COATINGS WITH MODTC 
 
 
 
 
 
 
This chapter briefly reviews previous work on the tribological behaviour of DLC 
coatings with the additive MoDTC and then presents new measurements of the 
friction and wear behaviour of various DLCs with MoDTC. The possible friction 
reduction mechanisms are discussed and the chapter ends with a summary of key 
findings, which are: 
(1) Mo-derived tribofilms form on all DLCs and they reduce friction. 
(2) Higher concentration of MoO3 in tribofilms causes an increase in friction. 
(3) MoDTC degrades the wear properties in DLC/steel combinations. 
203 
 
 
 
 
7.1 Introduction                . 
Molybdenum dialkyldithiocarbamates (MoDTCs) are one of the most commonly-used friction 
modifiers. It is therefore important to know how MoDTC work with DLC coatings. This chapter 
will present a brief review on the available literature on MoDTC with DLC and then present 
results for this friction modifier with different types of DLC coating.  
7.2 Review of the behaviour of DLCs with MoDTC                     . 
This section will provide a brief review of recent literature on the behaviour of MoDTC with DLC 
coatings.   
The friction modifier MoDTC is widely used in automotive crankcase engine lubricants, 
especially in Japan, to improve fuel efficiency [57]. Research with steel on steel contacts 
indicates that this additive reacts on rubbing asperities to form tiny crystals of molybdenum 
disulphide (MoS2) [68], [69]. These MoS2 crystals have low shear strength and result in reduced 
friction, particularly since they occur on asperity peaks where most of the applied contact load is 
supported in the boundary lubrication regime. It has also been suggested that the formation of 
MoS2 from MoDTC is promoted by the presence of ZDDP and also that ZDDP may enhance the 
longevity of the MoS2 crystals and thus of friction reduction [70], [71]. 
Only a few researchers [56]-[58], [60], [61] have studied the performance of MoDTC with DLC 
coated surfaces. One commonly-reported phenomenon in these studies is the formation of a 
MoS2 tribolayer on DLC surfaces, leading to low-friction behaviour as commonly noted with 
steel surfaces. However one study reported the chemical inertness of DLCs when tested in 
MoDTC-containing oils [61]. When MoDTC was used with ZDDP, it was suggested that ZDDP 
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served as an aid for the formation of MoS2 layer on DLCs by providing the sulphur atoms to 
complete the sulphuration of the oxysulphide [57]. The same authors also reported the 
dependence of MoS2 layer formation on the concentration of ZDDP, i.e. high ZDDP 
concentration yields more MoS2 in the contact, with less molybdenum oxides being formed. Low 
ZDDP concentration gave reduced sulphuration and the contact was dominated by 
molybdenum oxides, thus not reducing friction efficiently. Typical friction and wear coefficients 
reported for DLC contacts tested with MoDTC-containing lubricants are listed in Table 7.1. 
 
‡
a-C:H/cast iron; 
± 
a-C studied was not pure (a-C:Cr), contained Cr. 
7.2.1 Comments based on the literature                              .                                                  
a. Most previous work on MoDTC has been carried out on a-C and a-C:Hs. No 
published literature appears to exist on how MoDTC works with other DLC 
coatings. Despite the fact that ta-Cs give superlow friction with GMO, their friction 
properties with MoDTC have not been reported. 
b. The shaded columns and rows in Table 7.1 indicate unexplored areas. 
The current work attempts to focus on these unexplored areas. The following sections will 
present the friction and wear behaviour of MoDTC with various types of DLC coating. 
DLC type Test conditions 
(MoDTC) 
Friction Wear [x10
-17
 m
3
/Nm] Ref. 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
 
W-DLC, 
Si-DLC 
 
Little or no literature available 
 
Ti-DLC 
 
100°C, 0.6GPa, 0.2m/s, 1h 
 
0.06 
 
0.06 
 
0.01 
 
- 
 
[57]  
 
a-C:H 
 
100°C, 560 MPa, 0.015m/s, 6h 
100°C, 0.6GPa, 0.2m/s, 1h 
 
- 
0.06 
 
0.04-0.06
‡
 
0.06 
 
- 
0.1 
 
0.08 – 0.09 
- 
 
[49] 
[57] 
 
a-C 
 
100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
 
0.07
± 
 
- 
 
- 
 
- 
 
[57] 
ta-C and 
ta-C:H 
 
No known literature available 
Table 7.1 Typical friction and wear values reported in literature for DLCs tested in MoDTC solution 
 
DLC type Test conditions Friction Wear [x10
-17
 m
3
/Nm] Ref. 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
 
W-DLC, 
Si-DLC 
 
No much/known literature available 
 
Ti-DLC 
 
100°C, 0.6GPa, 0.2m/s, 1h 
 
0.06 
 
0.06 
 
.01 
 
- 
 
[[52]]  
 
- :H 
 
100°C, 560 MPa, 0.01 m/s, 6h 
100°C, 0.6GPa, 0.2m/s, 1h 
 
- 
0.06 
 
0.04-0.06
‡
 
0.06 
 
- 
0.1 
 
0.08 – 0.09 
- 
 
[[49]] 
[[52]] 
 
a-C 
 
100°C, 1GPa, 0.1m/s, 50% 
SRR, 2h 
 
0.07
± 
 
- 
 
- 
 
- 
 
[[51]] 
ta-C and 
ta-C:H 
 
No known literature available 
 Table 4.2 Typical friction and wear values reported in literature for DLCs tested in MoDTC solution 
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7.3 Friction and wear results                              . 
All tests presented in this study were done by the author at the Tribology laboratory, 
Department of Mechanical Engineering, Imperial College London.  
The friction properties of MoDTC were studied for different DLC coatings combination using the 
MTM operating in unidirectional, mixed rolling-sliding condition, as described in section 3.3.1, 
Chapter 3. Periodically during a two hours test, motion was halted and friction was measured 
over a range of entrainment speeds at 50% slide-roll ratio, before slow speed rubbing was 
resumed.  
The anti-wear properties of MoDTC were evaluated with different DLC coatings combination 
using the MTM, operating in reciprocating, pure sliding condition as described in section 3.3.2, 
Chapter 3.  
The list of DLC coatings investigated and their properties were presented in Table 4.1, Chapter 
4 and the same designations as used to describe them in Table 4.1 is employed in the current 
chapter. 
7.3.1 DLC/DLC tribopair in MoDTC solution                                              . 
The evolution of friction coefficient for DLC/DLC contacts in MoDTC solution is shown in Fig. 
7.1. Figures 7.2(a) and 7.2(b) summarize the friction coefficients of all DLCs initially and after 2 
hours rubbing in MoDTC solution, respectively. Fig. 7.1 shows that a-C, Si-DLC and ta-C:H, like 
steel/steel give high initial boundary friction which, after 5 min, reduces significantly, indicating 
Mo-DLC interaction and MoS2 formation. AFM topography maps reveal tiny particles on a-C and 
large particles on Si-DLC after 2 hours rubbing, and these particles exhibit low lateral force, 
indicated by darker regions in Fig. 7.3b1,b5. a-C:H shows negligible friction change during 
extended rubbing (Fig. 7.1b). However, tiny particles with low lateral force were still seen on the 
surface of a-C:H after 2 hours rubbing, as shown in Fig. 7.3a2.  
a-C:H:W and a-C:H:WC show very low boundary friction even during the first Stribeck curve and 
throughout extended rubbing. This may be due to the formation of WS2 layer on the surface of 
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a-C:H:W and a-C:H:WC or to very rapid formation of MoS2 on W-rich regions. This is evident 
from SEM micrographs in Fig. 7.4, showing a white layer which is quite thick for a-C:H:W. 
Interestingly, the white layer on a-C:H:W has a branched structure. EDX spectra taken on the 
white layers marked as A and B in Fig. 7.4 revealed the presence of WS2 species, as shown in 
Fig. 7.5. Although the original nodular structures of a-C:H:W and a-C:H:WC were still visible 
after 2 hours rubbing, they appeared to be distorted pads as shown in Fig. 7.3a3,a4 and these 
pads exhibited low lateral force, as indicated by darker regions in Fig. 7.3b3,b4.  
ta-C showed little friction reduction with MoDTC but the ta-C surfaces did contain Mo-derived 
tribofilm species on rubbed region at the end of tests, as can be seen from the ToF-SIMS 
chemical maps shown in Fig. 7.6. The ineffectiveness of these species in reducing friction may 
be because they are predominantly molybdenum oxides, unlike to other DLCs. Although a-
C:H:W and a-C:H:WC showed lower boundary friction than the other coatings they also showed 
more wear, as indicated in Fig. 7.7 and 7.8. a-C, a-C:H, Si-DLC and ta-C:H showed negligible 
wear while ta-C showed slight wear. 
7.3.1.1 Influence of MoDTC in DLC/DLC tribopair                             .                                           
. 
Comparison of Stribeck curves of DLCs after 2 hours rubbing in base oil and MoDTC solution 
(as shown in figures 4.4 and 7.2 respectively), show that all DLCs reduce boundary friction 
when MoDTC is used. This indicates that a Mo-DLC interaction occurs. All DLCs except a-
C:H:W show reduced wear when MoDTC is used (Fig. 7.9). a-C:H:W shows quite similar wear 
behaviour with both base oil and MoDTC, indicating negligible influence of MoDTC on wear, 
even though the surface of a-C:H:W has MoDTC-derived tribofilms (evident from Fig. 7.6). 
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Fig. 7.1 Evolution of friction for DLC/DLC and steel/steel contacts in MoDTC solution 
a-C/a-C + MoDTC 
 
DLC1/DLC1 + 
MoDTC 
Fig. 7.1a 
 
Fig. 4.108a 
a-C:H/a-C:H + MoDTC 
 
DLC2/DLC2 + MoDTC 
Fig. 7.1b 
 
Fig. 4.108b a-C:H:W/ -C:H:W + MoDTC 
 
DLC3/DLC3 + MoDTC 
Fig. 7.1c 
 
Fig. 4.108c 
a-C:H:WC/a-C:H:WC + MoDTC 
 
DLC4/DLC4 + MoDTC 
Fig. 7.1d 
 
Fig. 4.108d Si-DLC/SI-DLC + MoDTC 
 
DLC5/DLC5 + MoDTC 
Fig. 7.1e 
 
Fig. 4.108e 
ta-C/ta-C + MoDTC 
 
DLC6/DLC6 + 
MoDTC 
Fig. 7.1f 
 
Fig. 4.108f ta-C:H/ta-C:H + MoDTC 
 
DLC7/DLC7 + MoDTC 
Fig. 7.1g 
 
Fig. 4.108g 
Steel/steel + MoDTC 
 
Steel/steel + MoDTC 
Fig. 7.1h 
 
Fig. 4.108h 
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Fig. 7.2 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
MoDTC solution 
Fig. 7.2a 
 
Fig. 4.109a 
Fig. 7.2b 
 
Fig. 4.109b 
Fig. 7.4 SEM micrographs of DLC discs of DLC/DLC contacts after 2 hours rubbing in MoDTC solution 
a-C:H 
 
A-C:H 
5 µm 
 
5 µm 
a-C:H:W 
 
A-C:H:W A 
 
A 
100 µm 
 
100 µm 
a-C:H:WC 
 
A-
C:H:WC 
B 
 
B 
20 µm 
 
20 µm 
Si-DLC 
 
SI-DLC 
20 µm 
 
20 µm 
400nm
400nm
400nm
a-C:H a-C:H:W 
 
A-C:H:W 
a-C:H:WC 
 
A-C:H:WC 
Si-DLC 
SI-DLC 
a-C 
 
A-C 
ta-C 
 
TA-C 
(a1) 
 
(a1) 
(a2) 
 
(a2) 
(a3) 
 
(a3) 
(a4) 
 
(a4) 
(a5) 
 
(a5) 
(b1) 
 
(b1) 
(b2) 
 
(b2) 
(b3) 
 
(b3) 
(b4) 
 
(b4) 
(b5) 
 
(b5) 
(a6) 
 
(a6) 
(b6) 
 
(b6) 
(c1) 
 
(c1) 
(c2) 
 
(c2) 
(c3) 
 
(c3) 
(c4) 
 
(c4) 
(c5) 
 
(c5) 
(c6) 
 
(c6) 
Fig. 7.3 AFM (a) topography (vertical scale = 0 – 60 nm), (b) lateral force (vertical scale = 0 – 120 mV) and (c) 
derivative of topography of DLC surfaces in DLC/DLC contacts after 2 hours rubbing in MoDTC solution; scan 
size = 2 x 2 µm  
 
Topography 
Lateral force 
Derivative of 
topography 
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Fig. 7.6 ToF-SIMS chemical mapping of DLC surfaces in DLC/DLC contacts after 2 hours rubbing in 
MoDTC solution 
MoO3 
 
MoO3 
MoO4 
 
MoO4 
MoS3 
 
MoS3 
Mo 
 
Mo 
a-C:H 
 
a-C:H:W 
 
A-C:H:W 
a-C:H:WC 
 
A-C:H:WC 
ta-C 
 
TA-C 
Fig. 7.5 EDX spectra for (a) a-C:H:W and (b) a-C:H:WC taken on regions A and B marked in Fig. 7.4  
a-C:H:W 
 
A-C:H:W 
Fig. 7.5a 
 
Fig. 4.112A1 
a-C:H:WC 
 
A-C:H:WC 
Fig. 7.5b 
 
Fig. 4.112A2 
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Fig. 7.7 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in MoDTC solution 
(a) a-C 
 
(a) A-C 
(b) a-C:H 
 
(b) A-C:H 
DLC Discs 
 
DLC Discs 
DLC Balls 
 
DLC Balls 
(g) ta-C:H 
 
(g) TA-C:H 
(f) ta-C 
 
(f) TA-C 
DLC Discs 
 
DLC Discs 
DLC Balls 
 
DLC Balls 
(e) Si-DLC 
 
(e) SI-DLC 
DLC Discs 
 
DLC Discs 
DLC Balls 
 
DLC Balls 
(d) a-C:H:WC (c) a-C:H:W 
 
(c) A-C:H:W 
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7.3.2 DLC/steel tribopair in MoDTC solution                                              . 
The evolution of friction coefficient for DLC/steel contacts lubricated by MoDTC solution is 
shown in Fig. 7.10. Figures 7.11(a) and 7.11(b) compare the friction coefficients of all the DLCs 
initially and after 2 hours rubbing in MoDTC solution, respectively. As shown in figures 7.10a 
and 7.10d, a-C and a-C:H:WC show quite similar friction behaviour after 5 min rubbing although 
their steel counter-surfaces experience different levels of wear (Fig. 7.12). However, both DLC 
surfaces show tribolayers after 2 hours rubbing, clearly visible from the topography and its 
derivative images in Fig. 7.13. a-C shows tiny debris-like species while a-C:H:WC shows a 
patchy film, both exhibiting low lateral force. Their steel counter-surfaces were also found to 
have tribofilms of the order of 25-35 nm (Fig. 7.12). The reason for the similar friction behaviour 
of a-C and a-C:H:WC may be that a MoDTC-derived tribofilm forms on both DLC and steel 
counterpart and, as a result, the contact is actually more like tribofilm on tribofilm rather than 
DLC on steel, resulting in similar friction behaviour. a-C:H initially shows low boundary friction, 
which, after extended rubbing, was slightly lost, although both DLC and steel counter-surface 
experienced negligible wear and no change in roughness was noted after 2 hours rubbing. 
However, both DLC and steel counter-surface show the presence of tribofilms, very thin on steel 
counter-surface (Fig. 7.12) while thick and patchy on DLC (Fig. 7.13).  
a-C:H:W shows very low boundary friction initially, which is, however, lost after 2 hours rubbing 
(Fig. 7.10c). This response is presumably due to formation of a film on the DLC. Both DLC and 
steel counter-surface eventually formed tribofilms, as shown in figures 7.12 and 7.13, and also 
Fig. 7.8 Comparison of wear coefficients of DLC/DLC 
contacts in MoDTC solution 
Fig. 7.8 
 
Fig. 4.114 
Fig. 7.9 Comparison of composite wear coefficients of 
DLC/DLC contacts in base oil and MoDTC solution 
Fig. 7.9 
 
Fig. 4.115 
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showed increase in roughness (Fig. 7.14). This resulted in shift of the Stribeck curve towards 
the left, as shown in Fig. 7.15. Also, the final surface of a-C:H:W was mainly comprised of MoO3 
(Fig. 7.16), thus not being effective in reducing friction. The observed progressive increase in 
boundary and mixed friction with time may result from both the increased roughness and 
replacement or coverage of an initial WS2 film by molybdenum oxides on the rubbed surface. In 
contrast to a-C:H:W, a-C:H:WC retained very low boundary friction, probably because of much 
less molybdenum oxides on the rubbed surface.  
Si-DLC shows a progressive decrease in boundary friction with time. The steel ball rubbed 
against Si-DLC forms a thin tribofilm, while the DLC disc show tribofilms on asperity peaks (Fig. 
7.13). These tribofilms exhibit low lateral force, indicated by dark regions in Fig. 7.13b5. ta-C 
shows a decrease in boundary friction after 2 hours rubbing. This may result from tribofilm 
formation on both DLC disc and steel ball, essentially the contact becomes tribofilm on tribofilm 
rather than ta-C on steel. However, tribofilms on the steel ball appear to have transferred to 
DLC disc. This is evident from SEM micrograph in Fig. 7.17a showing white debris-like species 
on the surface. EDX spectra taken on the white species reveal the presence of large amounts of 
iron and sulphur (Fig. 7.17b). One may question whether the measured iron content was from 
the steel substrate or from the steel ball. It should be noted that the thickness of ta-C is about 2 
µm and the rubbed surface show very little wear (0.5 µm wear depth) on the DLC disc (Fig. 
7.17c), indicating the least possibility of the steel substrate being exposed during rubbing. Thus, 
the measured iron may have transferred from the steel ball. Despite showing large wear on 
steel ball (Fig. 7.12f), the contact shows stable and reduced friction after extended rubbing. ta-
C:H shows low boundary friction initially, which the contact is not able to retain during extended 
rubbing. The DLC disc has partially worn along the wear track resulting in increased roughness 
from Rq 90 nm to 188 nm. The increased roughness may be the reason for its increased 
boundary friction. All DLC surfaces were mainly comprised of Mo-derived tribofilm species on 
rubbed region, as can be seen from ToF-SIMS chemical maps shown in Fig. 7.16. 
In terms of wear, as shown in figures 7.18 and 7.19, a-C and a-C:H show more wear than the 
other coatings. It is important to note that the these DLCs showed excellent wear properties with 
other additives in this study and it appears that the combination of MoDTC and steel counter-
surface specifically degrade their wear properties. Interestingly, a-C:H:W show very little wear in 
this system. 
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7.3.2.1 Influence of MoDTC in DLC/steel tribopair                                    . 
Comparison of initial Stribeck curves of DLC/steel contacts rubbed in base oil and MoDTC 
solution, as shown in figures 4.23a and 7.11a, indicate that all DLCs have reduced boundary 
friction when MoDTC is used, indicating adsorption/reaction. Similarly, comparison of Stribeck 
curves after 2 hours rubbing show that all DLCs except ta-C:H show reduced boundary friction 
when MoDTC was used. This indicates MoDTC-DLC and or MoDTC-steel interaction are 
responsible for their reduced boundary friction performance. However, all DLCs except a-C:H:W 
show significantly large wear when MoDTC is used (Fig. 7.20), indicating a negative impact of 
MoDTC on DLCs wear properties in DLC/steel conjuctions. 
7.3.2.2 Influence of steel counterpart in MoDTC solution                        .                             
Comparison of figures 7.2 and 7.11 show that all DLCs except a-C:H:WC and ta-C show 
reduced boundary friction initially. However, after 2 hours rubbing, a-C:H:WC shows quite 
similar friction behaviour in DLC/DLC and DLC/steel contacts, indicating that steel counter-
surface has no significant influence, probably becasue their tribofilms exhibit similar friction 
properties. Also, a-C:H:W, ta-C and ta-C:H show increased boundary friction when steel 
counterface was used, indicating that the MoDTC-tribofilms formed in the presence of steel ball 
have high friction properties. This may be because the DLC surfaces show higher amounts of 
molybdenum oxides when steel was present, as can be seen by comparing the ToF-SIMS 
chemical maps shown in figures 7.6 and 7.16. The ToF-SIMS chemical maps are normalized for 
all measurements, so the contrasts can be compared. Brighter contrast indicates abundance 
presence and darker contrast indicates the absence of chemical elements. In terms of wear, 
MoDTC shows increased wear with all DLCs except a-C:H:W in the presence of steel 
counterpart as shown in Fig. 7.21. This indicates that the combination of steel and MoDTC 
markedly degrades the wear properties of most DLCs. This may be due to abrasive 
molybdenum oxides. 
Comparison of the friction results of hydrogen-free (a-C and ta-C) and hydrogenated (a-C:H and 
ta-C:H) DLCs in DLC/DLC and DLC/steel contacts show that hydrogen appears to have no 
influence in DLC/DLC contacts whereas increased friction properties were noted when 
hydrogen was present in both a-C and ta-C in DLC/steel contacts. 
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Fig. 7.10 Evolution of friction for DLC/steel and steel/steel contacts in MoDTC solution 
a-C/steel + MoDTC 
 
DLC1/steel + 
MoDTC 
Fig. 7.10a 
 
Fig. 4.116a 
a-C:H/steel + MoDTC 
 
DLC2/steel + MoDTC 
Fig. 7.10b 
 
Fig. 4.116b 
a-C:H:W/steel + MoDTC 
 
DLC3/steel + MoDTC 
Fig. 7.10c 
 
Fig. 4.116c 
a-C:H:WC/steel + MoDTC 
 
DLC4/steel + MoDTC 
Fig. 7.10d 
 
Fig. 4.116d Si-DLC/steel + MoDTC 
 
DLC5/steel + MoDTC 
Fig. 7.10e 
 
Fig. 4.116e 
ta-C/steel + MoDTC 
 
DLC6/steel + 
MoDTC 
Fig. 7.10f 
 
Fig. 4.116f ta-C:H/steel + MoDTC 
 
DLC7/steel + MoDTC 
Fig. 7.10g 
 
Fig. 4.116g 
Steel/steel + MoDTC 
 
Steel/steel + MoDTC 
Fig. 7.10h 
 
Fig. 4.116h 
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Fig. 7.11 Comparison of friction coefficients for DLC/steel contacts (a) initially and (b) after 2 hours rubbing in 
MoDTC solution 
Fig. 7.11b 
 
Fig. 4.117b 
Fig. 7.11a 
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Fig. 7.12 Comparison of SLIM interference images obtained for DLC/steel contacts after 2 hours rubbing in MoDTC 
solution 
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Fig. 7.14 Rubbed surfaces of a-C:H:W after 2 hours 
rubbing in MoDTC solution 
Fig. 7.15 Friction versus lambda ratio curve for a-C:H:W/steel 
contacts initially and after 2 hours rubbing in MoDTC solution 
Fig. 7.15 
 
Fig. 4.120b 
Fig. 7.13 AFM (a) topography (vertical scale = 0 – 60 nm), (b) lateral force (vertical scale = 0 – 120 mV) and 
(c) derivative of topography of DLC surfaces in DLC/steel contacts after 2 hours rubbing in MoDTC solution; 
scan size = 2 x 2 µm  
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Fig. 7.16 ToF-SIMS chemical mapping of DLC surfaces in DLC/steel contacts after 2 hours rubbing in 
MoDTC solution 
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Fig. 7.17 (a) SEM micrograph, (b) EDX spectra and (c) rubbed surface of ta-C after 2 hours rubbing in MoDTC solution 
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Fig. 7.18 Wear tracks from pure sliding wear tests of DLC/steel contacts after 4 hours rubbing in MoDTC solution 
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Fig. 7.19 Comparison of wear coefficients of DLC/steel 
contacts in MoDTC solution 
Fig. 7.19 
 
Fig. 4.123 
Fig. 7.20 Comparison of composite wear coefficients of 
DLC/steel contacts in base oil and MoDTC solution 
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Fig. 4.124 
Fig. 7.21 Comparison of composite wear coefficients of 
DLC/DLC and DLC/steel contacts in MoDTC solution 
Fig. 7.21 
 
Fig. 4.125 
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7.4 Summary                                                                   . 
The behaviour of MoDTC on various types of DLC coating has been studied. A summary of the 
friction and wear results are listed in Table 7.2.  
 
DLCs 
+  
MoDTC 
Friction Coefficient Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC DLC/steel DLC/DLC DLC/steel 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.050 
0.063 
0.052 
0.042 
0.062 
0.063 
0.063 
0.051 
0.040 
0.056 
0.070 
0.042 
0.045 
0.062 
0.081 
0.051 
0.07 
NMW± 
9.86 
9.25 
0.24 
3.67 
0.12 
0.14 
10.90 
22.00 
4.450 
12.12 
16.52 
3.440 
12.10 
0.14 
 ±NMW – no measurable wear 
The results suggest the following. 
1. With MoDTC, all DLCs show reduced boundary friction and in particular W-DLCs show 
very low boundary friction, because of the formation of WS2 and Mo-derived tribolayers 
on the surface both in DLC/DLC and DLC/steel contacts. When MoO3 concentration in 
the tribofilm was high, friction reduction was not effective. MoDTC shows improved wear 
properties in DLC/DLC contacts but appears to degrade the wear properties of all DLCs 
in DLC/steel contacts. This may be an intrinsic behaviour of MoDTC when steel is 
present. 
2. One possible suggestion for increased wear behaviour when steel was present is iron 
oxide catalytic reaction (Lewis acid), i.e. CS2 from MoDTC may promote wear on DLCs.  
Alternatively the presence of steel may promote the formation of abrasive molybdenum 
oxides. 
Table 7.2 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in MoDTC solution 
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Chapter 8 
BEHAVIOUR OF DLC COATINGS 
WITH OTHER FILM-FORMING 
ADDITIVES 
 
 
 
 
 
This chapter first discusses the use of three types of alternative antiwear 
additives to ZDDP, metal free phosphates, functionalised polymers and 
overbased detergents. It then presents measurements of friction and film-
formation by these additives on different DLC coatings. Finally the key findings 
are summarised, which are: 
(1) DURAD improves the wear properties of DLCs. 
(2) Dispersant polymers provide low friction properties with all DLCs. 
(3) Overbased calcium sulphonate detergent form calcite films on all DLCs 
similar to that of steel/steel, and particularly thick on a-C:H 
(4) The low speed friction properties are determined by the adsorption of 
detergent molecules on the calcite. 
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8.1 Introduction                . 
In automotive engines, ZDDP has been used an anti-wear additive for over 60 years. However, 
the sulphur, phosphorus and metal present in ZDDP reduce the useful life of the exhaust after-
treatment systems [72]. This has led to interest in other types of antiwear additive for engine 
oils, which contain no or less harmful elements. In this chapter, work on three such types of 
additive is described; a commercial metal-free, phosphorous-based additive, called “DURAD”, 
provided by BP, a dispersant-functionalised polymer and an overbased calcium detergent. The 
film forming and friction properties of these additives in DLC/DLC and DLC/steel contacts are 
investigated and compared to their behaviour in steel/steel contact. 
8.1.1 P-based additives                                                                             .                                                                                             
. 
In general, phosphorus is a key antiwear component in the current automotive lubricants. Many 
P-based additives available in the market have been studied by previous researchers include 
tricresyl phosphate (Wheeler et al., 1984) and dialkyl/aryl phosphonate (Forbes et al., 1974 and 
Lacey et al., 1986). Non metal-containing P-based additives form pads of iron phosphate similar 
but thinner and slower than ZDDP. Most previous studies were on steel surfaces [73]. Recently, 
Sebastian Equey et al. [48] studied the friction properties of butylated triphenyl 
phosphorothionate (b-TPPT) and an amine phosphate (AP) with a DLC coating. b-TPPT was 
reported to form a tribofilm on DLC surfaces and exhibit low friction properties whereas no such 
film formation or reduced friction was noted with AP. However, these studies on DLC coatings 
were limited to one particular DLC coating, a-C:H.  
223 
 
8.1.2 Functionalised Polymers                                                             .                                                                                             
. 
Another class of additive that is currently used in lubricating oils to prevent wear and reduce 
friction by forming thick boundary films are the functionalised polymers. The film-forming and 
friction-reducing behaviors of polymers have been studied by several authors [74]-[81] and 
some functionalised polymers have been found to form relatively thick, viscous boundary films 
on rubbing surfaces [74]-[77]. This behaviour is believed to result from adsorption of segments 
of the polymer molecules on surfaces resulting in a high concentration of polymer within the 
normal polymer coil diameter of the surfaces, and so a much higher local viscosity than the bulk 
solution. This viscous layer results in enhanced fluid entrainment when the contact is operating 
in thin film conditions, and thus a thicker lubricating film than expected from the bulk solution 
viscosity. It has been reported that this film is able to reduce friction in low speed conditions 
[78]. Fan et al. also reported that functionalised block copolymers provide enhanced film 
thickness and greatly reduced friction at low entrainment speeds [80]. However, these studies 
were limited to steel surfaces. There appears to be no published literature on the behaviour of 
these polymers with DLC coatings. In this study, two polymers a dispersant and non-dispersant  
one have been evaluated with various kinds of DLC. 
8.1.3 Overbased Detergents                                                                        .                                                                                              
Overbased calcium sulphonate detergents are widely used in automotive engines to neutralise 
the acidic products from combustion gases and to prevent the buildup of deposits on high 
temperature surfaces such as pistons and valve seats [82]. Overbased calcium sulphonate 
detergents are colloidal sols in which tiny particles of calcium carbonate are stabilised in the oil 
phase by a chemically-bound surface layer of calcium alkylbenzene sulphonate molecules [82]. 
Topolovec-Miklozic et al. evaluated the film-forming and friction properties of overbased calcium 
sulphonate detergents and reported the formation of thick, solid-like, calcium carbonate films of 
thickness 100-150 nm on the rubbed surfaces [82]. It has been reported that these films form 
pad-like structures, as a result of which the contacts show increased friction at intermediate 
speeds. It is interesting to know whether similar thick films can form on DLC surfaces. In this 
study, one particular overbased calcium sulphonate detergent, Detergent C the same as was 
used by Topolovec-Miklozic  [82] has been evaluated with various types of DLC coating. 
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8.2 Friction and wear results                               . 
All tests presented in this study were done by the author at the Tribology laboratory, 
Department of Mechanical Engineering, Imperial College London.  
The friction properties of solution of (i) a commercial metal-free phosphate ester, (ii) 
functionalized and non-functionalised polymers and (iii) overbased calcium sulfonate detergent 
were studied for different DLC coatings combination using the MTM, operating in unidirectional, 
mixed rolling-sliding condition as described in section 3.3.1, Chapter 3. Periodically during a two 
hours test, motion was halted and friction was measured over a range of entrainment speeds at 
50% slide-roll ratio, before slow speed rubbing was resumed.  
The anti-wear properties of the phosphate solution were also studied for different DLC coatings 
combination using the MTM, operating in pure sliding condition as described in section 3.3.2, 
Chapter 3. The list of DLC coatings investigated and their properties were presented in Table 
4.1, Chapter 4 and the same designations as used to describe them in Table 4.1 is employed in 
the current chapter. 
8.2.1 Metal-free P additive, DURAD 310 M solution                                                                                                                                                                                                                                                                                                                                                       . 
8.2.1.1 DLC/DLC tribopair in DURAD solution                                           . 
The evolution of friction coefficient for five DLC/DLC contacts in DURAD solution is shown in 
Fig. 8.1. Figures 8.2(a) and 8.2(b) compare the friction coefficients of all the DLCs initially and 
after 2 hours rubbing in DURAD solution, respectively. All show a progressive reduction in 
boundary friction with rubbing, while Si-DLC also shows a reduction in friction at high speeds. 
This latter effect was also seen with base oil.  Fig. 8.3 compares the friction coefficients of the 
DLCs with base oil, DURAD and ZDDP after 2 hours rubbing. The results show that DURAD 
exhibits quite similar friction to ZDDP except for a-C:H:W, where DURAD gives lower friction. 
However, the difference in friction between base oil, DURAD and ZDDP is very small. DURAD 
shows very slightly lower boundary friction than base oil with ta-C, indicating the presence of 
DURAD-derived tribofilms after 2 hours rubbing. This is evident from SEM micrograph showing 
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a white layer on wear track, whereas no such species were seen outside the wear track (Fig. 
8.4e).  
The friction curves for Si-DLC initially and after 2 hours rubbing show high friction at 
intermediate speeds, which suggest that a full EHL separating film is only formed at high 
speeds above 3 m/s. It should be noted that Si-DLC exhibited similar friction behaviour with 
base oil both initially and after 2 hours rubbing (Fig. 4.4). This indicates that DURAD shows 
negligible influence on friction and it appears the high friction behaviour is an intrinsic property 
of this lubricated DLC. Despite showing reduced friction with both base oil and DURAD after 2 
hours rubbing, Si-DLC shows similar high friction behaviour in the intermediate speed region. 
This indicates either DURAD has no influence on friction or that the DURAD-derived tribolayers 
exhibit friction properties similar to that of base oil. The tribofilms in the form of white layers 
were noted only on the asperity peaks with a few scratches along the track as shown in Fig. 
8.4d. It should also be noted that tribofilms were removed where scratches were present, 
indicating the weak adhesion of the DURAD-derived tribofilms to the DLC surface.  
a-C:H and a-C:H:WC show reduced friction behaviour after 2 hours rubbing when compared to 
base oil, indicating the presence of DURAD-derived tribolayers. This is evident from Fig. 8.4 
which shows debris-like tribofilm species on a-C:H (Fig. 8.4a) while a-C:H:WC shows few 
scratches with very little tribofilm species present non-uniformly on the surface (Fig. 8.4c). 
DURAD shows slightly higher boundary friction with a-C:H:W, probably because the graphite 
inclusions that were exposed when rubbed in base oil were not exposed when rubbed in 
DURAD or in ZDDP solution. Alternatively, the phosphate esters block the original graphitic 
nature of a-C:H:W, thus exhibiting slightly higher boundary friction, or that the tribofilms derived 
from DURAD and ZDDP exhibit high friction properties than that of base oil. The surface of a-
C:H developed a uniform, white, patchy tribofilm as shown in Fig. 8.4b. 
In terms of wear, as shown in figures 8.5 and 8.6, a-C:H:W and ta-C show some wear whereas 
others show no measurable wear. All DLCs except ta-C show reduced wear compared to base 
oil, indicating that the phosphate ester has improved wear properties to a level generally even 
better than ZDDP (Fig. 8.7). However, ZDDP shows better wear properties than DURAD for a-
C:H:W and ta-C, probably because the ZDDP-derived tribofilms have superior wear properties 
than the tribofilms formed from phosphate ester, DURAD.  In particular for a-C:H:W it may result 
from the formation of tiny ZDDP pads. 
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Fig. 8.1 Evolution of friction for DLC/DLC contacts in 
DURAD solution 
a-C:H/a-C:H + DURAD 
Fig. 8.1a 
a-C:H:W/a-C:H:W + DURAD 
Fig. 8.1b 
Si-DLC/Si-DLC + DURAD 
Fig. 8.1d 
ta-C/ta-C + DURAD 
Fig. 8.1e 
a-C:H:WC/a-C:H:WC 
+ DURAD 
Fig. 8.1c 
Fig. 8.2 Comparison of friction coefficients for DLC/DLC contacts (a) initially and (b) after 2 hours rubbing in 
DURAD solution 
Fig. 8.2b Fig. 8.2a 
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Fig. 8.3 Comparison of friction coefficients for DLC/DLC contacts in base oil, DURAD and ZDDP solution 
Si-DLC/Si-DLC 
Fig. 8.3d 
a-C:H/a-C:H 
Fig. 8.3a 
a-C:H:W/a-C:H:W 
Fig. 8.3b 
ta-C/ta-C 
Fig. 8.3e 
a-C:H:WC/a-C:H:WC 
Fig. 8.3c 
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Fig. 8.4 SEM micrographs of DLC discs after 2 hours rubbing in DURAD solution 
a-C:H 
50 µm 
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ta-C 
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wear 
track 
Wear 
track 
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a-C:H:W (b) 
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5 µm 
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Fig. 8.5 Wear tracks from pure sliding wear tests of DLC/DLC contacts after 4 hours rubbing in DURAD solution 
DLC Discs 
DLC Balls 
(a) a-C:H (b) a-C:H:W 
DLC Discs 
DLC Balls 
(e) ta-C (d) Si-DLC (c) a-C:H:WC 
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Fig. 8.6 Comparison of wear coefficients of DLC/DLC 
contacts in DURAD solution 
Fig. 8.6 
Fig. 8.7 Comparison of composite wear coefficients of 
DLC/DLC contacts in base oil, DURAD and ZDDP solution 
Fig. 8.7 
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8.2.2 Polymer solutions                                                                               .  
In order to be able to understand the interaction of polymer additives with DLCs, DLC/DLC 
tribopairs were used. This section will present the friction and film-forming properties of two 
polymer-based additives, one non-dispersant and one dispersant functionalised. 
8.2.2.1 DLC/DLC tribopair in non-dispersant polymer solution               .. 
The comparison of initial friction coefficients for DLC/DLC contacts in base oil and non-
dispersant polymer solution is shown in Fig. 8.8 and the final friction coefficients of base oil and 
non-dispersant solution are compared in Fig. 8.9. Fig. 8.10 shows the evolution of friction 
coefficients in non-dispersant polymer.  
It should be noted that the steel/steel tribocouple with non-dispersant polymer solution showed 
high friction similar to that with base oil, indicating negligible influence of non-dispersant 
polymer. Comparison of initial and final friction coefficients of non-dispersant polymer with base 
oil as shown in Figs. 8.8 and 8.9 indicate that all DLCs except a-C:H:W give reduced boundary 
friction, particularly Si-DLC. This indicates the presence of polymeric film on the surface. The 
influence of the polymer is immediate (Figs. 8.8 and 8.9) and does not change significantly 
during rubbing, as can be seen in Fig. 8.10. Comparison of the topographies of the DLCs before 
and after 2 hours rubbing in Fig. 8.11 show a thick pad-like polymeric film on the surfaces of a-
C:H, a-C:H:W and a-C:H:WC, whereas a uniform tribofilm with tiny particles was noted for ta-C. 
However, the original nodular structures were still visible on a-C:H, a-C:H:W and a-C:H:WC 
whereas no significant change in the surface structures was noted on a-C:H.  
One interesting observation noted was with Si-DLC, which showed very low friction at low 
speeds and high friction at intermediate speeds both initially and after 2 hours rubbing, as 
shown in figures 8.10. This indicates that adsorption occurred immediately and the adsorbed 
polymer films were able to withstand pressure even at very low speeds and were able to shear 
easily to provide very low boundary friction. However, the friction increases in the intermediate 
speed region. This may result from the friction contribution from adsorbed film and fluid film, 
essentially increasing the friction. Alternatively, this may simply be due to the fact that films had 
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high shear strength at higher speeds. It appears that polymeric films formed on Si-DLC have 
superior friction properties to those formed on other DLCs. 
By comparing the Stribeck curves of ta-C and ta-C:H in base oil and non-dispersant solution, it 
can inferred that, ta-C:H shows higher friction properties than ta-C both initially and after 2 
hours rubbing as shown in figures 8.9 and 8.10. This indicates that ta-C has superior friction 
properties than ta-C:H and presence of hydrogen appears to degrade the friction properties of 
DLCs with high sp3 content.  
It is also important to reiterate that steel/steel contacts showed high and similar friction both in 
base oil and non-dispersant polymer solution, indicating negligible effect of polymeric additive 
on friction. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.9 Comparison of friction coefficients for DLC/DLC contacts after 2 hours rubbing in (a) base oil and (b) 
non-dispersant polymer solution 
Fig. 8.9b Fig. 8.9a 
Fig. 8.8 Comparison of initial friction coefficients for DLC/DLC contacts in (a) base oil and (b) non-
dispersant polymer solution 
Fig. 8.8a Fig. 8.8b 
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DLC2/DLC2 + 
Non-disp. Polymer 
Fig. 8.10a 
DLC3/DLC3 + 
Non-disp. Polymer 
Fig. 8.10b 
DLC4/DLC4 + 
Non-disp. Polymer 
Fig. 8.10c 
DLC5/DLC5 + 
Non-disp. Polymer 
Fig. 8.10d 
DLC6/DLC6 + 
Non-disp. Polymer 
Fig. 8.10e 
DLC7/DLC7 + 
Non-disp. Polymer 
Fig. 8.10f 
Fig. 8.10 Evolution of friction for DLC/DLC contacts in non-dispersant polymer solution 
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topography 
Topography 
Derivative of 
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Fig. 8.11 AFM (a, b) topography and its derivative of DLCs after 2 hours rubbing and (c, d) topography and its 
derivative of DLCs  before rubbing in non-dispersant polymer solution; vertical scale for topography = 0 – 60 
nm; scan size = 2 x 2 µm  
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8.2.2.2 DLC/DLC tribopair in dispersant polymer solution                       . 
The evolution of friction coefficient for DLC/DLC contacts in dispersant functionalised polymer 
solution is shown in Fig. 8.12. Comparison of initial friction coefficients for base oil and 
dispersant polymer solution is shown in Fig. 8.13, where it can be seen that all DLCs except a-C 
show reduced boundary friction with the polymer. The possible reason for increased friction with 
a-C is that the initial graphitic (high sp2) surface is covered by adsorbed polymeric films. Friction 
comparison for base oil and dispersant solution after 2 hours rubbing is shown in Fig. 8.14. 
Again, all DLCs except a-C showed reduced boundary friction and there is a particular 
significant reduction with ta-C when dispersant is present. This indicates the presence of 
polymeric films on the surfaces.  However, no film-like features were noted on AFM images (Fig. 
8.15). 
Prolonged rubbing in dispersant solution does not show any friction change for most DLCs but 
shows a considerable increase in friction for steel/steel, as can be seen from figures 8.13b and 
8.14b. ta-C shows very low boundary friction compared to the other coatings. Comparison of 
surface topographies of DLCs before and after 2 hours rubbing in Fig. 8.15 show that most 
DLCs acquire larger structures than the originally seen nodules, possibly the original structures 
are covered by polymer films and enlarged during extended rubbing. 
Comparison of the friction results of non-dispersant and dispersant polymers is shown in figures 
8.9b and 8.14b. This shows that all DLCs except Si-DLC give lower boundary friction with 
dispersant than non-dispersant polymers for most DLCs. As can be seen from Fig. 8.14b, 
steel/steel contacts show significant increase in friction in the intermediate speed region. This 
may result from the increased roughness (Rq = 95 nm) after extended rubbing, as shown in Fig. 
8.16. The literature indicates that dispersant polymers reduce friction in mixed siding-rolling 
conditions but do not report any beneficial wear behaviour. It appears that with steel/steel the 
polymer is not able to protect the surfaces against wear and consequent roughening, so the 
beneficial effect on friction is lost over time. With DLCs, however, the dispersant polymer 
coatings are able to protect the surfaces and reduce friction for the whole 2 hour rubbing test.  
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Fig. 8.12 Evolution of friction for DLC/DLC and steel/steel contacts in dispersant polymer solution 
a-C/a-C + 
Disp. Polymer 
Fig. 8.12a 
a-C:H/a-C:H + 
Disp. Polymer 
Fig. 8.12b 
a-C:H:W/a-C:H:W 
+ Disp. Polymer 
Fig. 8.12c 
a-C:H:WC/a-C:H:WC 
+ Disp. Polymer 
Fig. 8.12d 
Si-DLC/Si-DLC + 
Disp. Polymer 
Fig.87.12e 
ta-C/ta-C + 
Disp. Polymer 
Fig. 8.12f 
ta-C:H/ta-C:H + 
Disp. Polymer 
Fig. 8.12g 
Steel/steel + 
Disp. Polymer 
Fig. 8.12h 
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Fig. 8.13 Comparison of initial friction coefficients for DLC/DLC contacts after 2 hours rubbing in (a) base oil 
and (b) dispersant polymer solution 
Fig.87.13b Fig. 8.13a 
Fig. 8.14 Comparison of friction coefficients for DLC/DLC contacts after 2 hours rubbing in (a) base oil and 
(b) dispersant polymer solution 
Fig. 8.14b Fig. 8.14a 
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Rq = 95 nm 
Steel disc surface 
Fig. 8.16 Rubbed steel surface after 2 hours rubbing in dispersant polymersolution  
 
a-C:H a-C:H:W a-C:H:WC Si-DLC a-C ta-C 
(a1) (a2) (a3) (a4) (a5) 
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(d2) (d3) (d4) (d5) (d6) (d1) 
Fig. 8.15 AFM (a, b) topography and its derivative of DLCs after 2 hours rubbing and (c, d) topography and its 
derivative of DLCs  before rubbing in dispersant polymer solution; vertical scale for topography = 0 – 60 nm; 
scan size = 2 x 2 µm  
 
Topography 
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topography 
Topography 
Derivative of 
topography 
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8.2.3 Overbased calcium sulphonate detergent solution                      .                                                                                                                                                                                                                                                                                                                                                                                                   
. 
8.2.3.1 DLC/DLC tribopair  in overbased calcium sulphonate 
detergent solution                                                                                        . 
The evolution of friction coefficient for DLC/DLC contacts in overbased calcium detergent 
solution is shown in Fig. 8.17. Figures 8.18(a) and 8.18(b) compare the initial friction coefficients 
of all DLCs in base oil and detergent solution, respectively. All DLCs except a-C show reduced 
boundary friction immediately when overbased calcium sulphonate is present. The possible 
reason for not showing friction reduction with a-C is that the original graphitic nature (high sp2) 
of this surface is covered by detergent molecules, thus hindering its low friction behaviour. 
Friction coefficients after prolonged rubbing in base oil and detergent solution are compared in 
figures 8.19a and 8.19b, respectively. All DLCs continue to show reduced boundary friction with 
the detergent after 2 hours and this is also evident from Fig. 8.17, which shows that friction 
behaviour changes only slightly during rubbing.  
All DLCs show similar friction behaviour with ta-C giving the lowest boundary friction. Despite 
showing similar friction behaviour, the films formed on the various DLCs are quite different, as 
shown in Fig. 8.20. Thicker films (300 nm) were formed on a-C and a-C:H while films on other 
DLCs were in the range of 50 nm and no significant films were noted on some DLCs (e.g. a-
C:H:W and ta-C). However, with a-C, the ball surface shows thicker films (300 nm) than the disc 
surface (50 nm). It is interesting to note that, although the Stribeck curves of tungsten-doped 
DLCs, i.e. a-C:H:W and a-C:H:WC are similar, their film-forming properties are quite different, 
the former showing patchy, non-uniform, thin films but the latter showing relatively thicker films. 
This can be explained by comparing the films on a-C:H, a-C:H:W and a-C:H:WC, which 
suggests that tungsten affects the film-forming properties and, in particular, shows reduced film 
thickness when tungsten was present. Thus, since a-C:H:W had higher concentration of 
tungsten than a-C:H:WC, reduced or thinner films were noted on a-C:H:W compared to a-
C:H:WC. It should also be noted that films were formed on ta-C:H but not on ta-C. In general, it 
appears that low sp3 content and presence of hydrogen assist in the formation of thick films.  
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Despite showing varied film-forming properties, the shape of the Stribeck curves of all DLCs 
except ta-C is quite similar as shown in Fig. 8.19. Steel/steel also shows similar friction 
behaviour at low speeds. Increased friction behaviour at intermediate speeds was noted both 
with steel/steel and DLC/DLC contacts except for ta-C. Similar friction behaviour at intermediate 
speeds was reported by Topolovec-Miklozic with steel/steel contacts [82]. The high friction in 
the intermediate speed region was attributed to pad-like structures, which are believed to inhibit 
the fluid entrainment and thus postpone the formation of an EHD film to higher entrainment 
speeds. It should be noted from Fig. 8.19 that a-C:H, that had thicker films of the order of 300 
nm, show friction trend similar to that of steel/steel, followed by, ta-C:H whereas other DLCs 
show slightly reduced friction at intermediate speeds. This indicates the dependence of friction 
at intermediate speeds on tribofilm thickness.  
The tribofilms formed from overbased calcium sulfonate detergents were reported to have good 
anti-wear properties with steel surfaces [82]. As shown in Fig. 8.20, all DLCs except ta-C show 
negligible wear. The counter-surface (DLC ball) of ta-C shows some wear after 2 hours rubbing 
whereas no wear was noted on DLC disc. It should also be noted from Fig. 8.17f that ta-C 
shows very low boundary friction until 60 min of rubbing and an increase thereafter. This 
indicates that the observed wear on DLC ball may have occurred after 60 min, thus leading to 
an increased boundary friction after 60 min. However, ta-C exhibit lower boundary friction than 
the other coatings. These results suggest that although tribofilms formed on ta-C were very thin, 
they exhibit excellent friction properties but have a negative impact on the wear properties. 
Overall, the results show that overbased calcium sulphonate detergents form tribofilms on DLC 
surfaces and the films are similar to those formed on steel/steel contacts. This is not surprising 
in that the films formed are believed to be largely physical in nature rather than involving a 
chemical reaction with the substrate like ZDDP.  However such films can only form if the CaCO3 
particles adhere to the substrate and the fact that films form indicates that this is the case. The 
fact that the thickness of tribofilm varied based on the type of DLC coatings used, the observed 
thicker films with hydrogenated DLCs (a-C:H and ta-C:H), in particular with a-C:H indicates that 
adhesion might occur more readily on these DLCs. 
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One noteworthy feature of all of the measurements is the pronounced slope in the friction 
curves in the boundary lubrication regime, so that friction increasing linearly with log (speed). 
This behaviour is characteristic of effective organic friction modifiers that form protective 
monolayers. In the current case it originates from the calcium alkylsulphonate detergent 
molecules acting as an organic friction modifier. It occurs only with detergents having linear 
alkyl groups that are thus able to pack closely on surfaces to form strong monolayers 
[Topolovec]. Toplovec suggests that the detergent molecules adsorb to form a low friction film 
not on steel, but on the CaCO3 film that very rapidly forms on steel during rubbing. This may 
also be the case with DLC, which may explain why all DLCs give similar friction at low speeds 
and why this friction is not dependent on the thickness of the CaCO3 film. This implies that a 
CaCO3 film with an adsorbed detergent film on top of it forms very quickly, during the first 
Stribeck curve. 
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Fig. 8.17 Evolution of friction for DLC/DLC and steel/steel contacts in overbased calcium sulphonate 
detergent solution 
a-C:H/a-C:H + Overbased 
calcium sulphonate 
Fig. 8.17b 
Fig. 8.17c 
a-C:H:W/a-C:H:W + 
Overbased calcium 
sulphonate 
a-C/a-C + Overbased 
calcium sulphonate 
Fig. 8.17a 
Fig. 8.17d 
a-C:H:WC/a-C:H:WC 
+ Overbased calcium 
sulphonate 
Fig.8.17e 
Si-DLC/Si-DLC + Overbased 
calcium sulphonate 
Fig. 8.17f 
ta-C/ta-C + Overbased 
calcium sulphonate 
Fig. 8.17g 
ta-C:H/ta-C:H + Overbased 
calcium sulphonate 
Fig. 8.17h 
Steel/steel + Overbased 
calcium sulphonate 
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a-C a-C:H a-C:H:W 
Disc 
Ball 
Fig. 8.19 Comparison of friction coefficients for DLC/DLC contacts after 2 hours rubbing in (a) base oil and 
(b) overbased calcium sulphonate detergent solution 
Fig. 8.19a Fig. 8.19b 
Fig. 8.18a Fig. 8.18b 
Fig. 8.18 Comparison of initial friction coefficients for DLC/DLC contacts after 2 hours rubbing in (a) base oil 
and (b) overbased calcium sulphonate detergent solution 
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Fig. 8.20 Tribofilms on DLC surfaces after 2 hours rubbing in overbased calcium 
sulphonate detergent solution 
ta-C:H 
Disc Ball 
ta-C Si-DLC  a-C:H:WC 
Disc 
Ball 
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8.3 Summary                                                                   . 
The film-forming and friction properties of a metal-free phosphorus additive, two polymer-based 
additives and an overbased based calcium sulphonate detergent on various DLC coatings have 
been studied. The results are listed in tables 8.1 and 8.2. 
 
DLCs 
+  
DURAD 
Friction 
Coefficient 
Composite Wear Coefficient  
[x 10-17 m3/N m] 
DLC/DLC 
 
DLC/DLC 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
0.080 
0.070 
0.076 
0.104 
0.058 
NMW± 
3.38 
9.11 
0.26 
2.46 
 
 
 
DLCs 
 
Friction Coefficient 
Non-disp. Dispersant OBCS‡ 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
- 
0.073 
0.096 
0.075 
0.040 
0.050 
0.076 
0.220 
0.055 
0.040 
0.048 
0.048 
0.065 
0.018 
0.058 
0.104 
0.055 
0.064 
0.055 
0.052 
0.052 
0.048 
0.055 
0.060 
 
‡
OBCS – overbased calcium sulphonate 
No wear tests made using the polymers or the overbased detergent 
Table 8.1 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in DURAD solution 
Table 8.2 Summary of friction coefficients at 0.01 m/s after 2 hours rubbing and 
wear coefficients for DLCs tested in polymer solutions 
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The results suggest the following: 
1. Influence of metal-free, P-based additive, DURAD: DURAD exhibits better friction 
properties than base oil and ZDDP with W-containing DLCs (a-C:H:W and a-C:H:WC). 
However, in terms of wear, DURAD shows improved wear resistance only with a-
C:H:WC. This indicates that the tiny ZDDP pads formed on a-C:H:W exhibit better wear 
resistance than DURAD-derived tribofilms on a-C:H:W. DURAD improved the wear 
resistance of all other DLCs except ta-C. With ta-C DURAD showed higher wear than 
base oil and ZDDP, indicating its negative effect on wear. 
2. Influence of polymer-based additives: Dispersant polymers exhibit very low boundary 
friction properties with all DLCs, in particular with ta-C. Surprisingly, non-dispersant 
polymer also gave a significant reduction in friction with most DLCs although less than 
the dispersant functionalised polymer. It was especially effective in reducing low speed 
friction with Si-DLC, suggesting a specific adsorption on this DLC. 
3. Influence of overbased calcium sulphonate detergents: Overbased calcium sulphonate 
detergents form thick films on DLCs, similar to that formed in steel/steel contacts.  This 
film is almost certainly calcite, as is formed with steel/steel. The thickness of the films 
formed depends on DLC type, with thicker films forming on hydrogenated DLCs, in 
particular on a-C:H than the other coatings. However the low friction properties do not 
appear to depend on the thickness of the DLC film and are similar to steel/steel.   
 
 
 
246 
 
 
 
 
Chapter 9 
DISCUSSION 
 
 
 
 
 
 
 
 
 
This chapter provides a comparison and general discussion of the friction, 
film-forming and wear resistance properties of the various types of additive 
with various DLCs investigated in this project.  Important observations and 
findings in the study are highlighted.  
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9.1 Introduction                . 
The film-forming, friction and wear properties of a wide range of additives have been studied 
with various types of DLC coating in DLC/DLC and DLC/steel combinations, and the results 
compared those obtained with a reference steel/steel tribopair. The friction properties were 
evaluated using an MTM rig under mixed rolling-sliding condition as described in section 3.3.1, 
Chapter 3 and the wear properties were evaluated under pure sliding condition described in 
section 3.3.2, Chapter 3. The DLC coating properties spanned a wide range, with differing 
hydrogen, dopant and sp3 content and a consequently large range of physical properties.  In this 
chapter, important driving factors for the film-forming, friction and wear behaviour of different 
additives with various types of DLC coating will be highlighted and discussed. 
9.2 DLC/DLC tribopair                                                                                  .  
9.2.1 Effect of additives on the boundary friction properties                                          
of DLC/DLC contacts                                                                                    . 
Fig. 9.1 and Table 9.1 show a comparison of boundary friction coefficients between steel/steel 
and various DLC/DLC contacts in base oil or base oil containing an additive. Lubricated results 
are after 2 hours rolling/sliding.  Note that dry results are not shown for all DLCs and results for 
“metal free”, i.e. DURAD, and polymers are also absent for a few DLCs. Friction for lubricated 
contacts is less than dry contacts in all cases tested. For both steel/steel and most DLC/DLC 
contacts, most additivated oils give lower friction than base oil. The main exception is a-C:H:W. 
This indicates the effectiveness of additives in reducing friction both in steel/steel and DLC/DLC 
contacts and shows that the additives either adsorb and/or react on the DLC surfaces. However 
different additives show different friction behaviour for a particular DLC, indicating that the 
tribofilms formed from different additives have different shear strengths. With most DLCs, 
dispersant polymer, MoDTC and GMO/oleic acid show lower boundary friction than the other 
additives, meaning that the tribofilms derived from these additives have better friction properties 
than that formed from other additives. This is comforting because these additives are generally 
used in engine oils to reduce friction (rather than wear).  However, the friction trends observed 
differ from DLC to DLC, meaning that the tribochemistry differs between DLCs. This 
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tribochemistry is believed to be strongly influenced by factors such as DLC type, type of doping 
elements present in the coating (hydrogen, tungsten, silicon, etc), sp3 content, graphitisation, 
additives used, etc.  
In general, firstly and most strongly, the friction is dominated by DLC type. With most additives, 
ta-C coatings provide lowest boundary friction followed, in order, by a-C, a-C:H, ta-C:H, W-DLC, 
WC-DLC and Si-DLC coatings. The occurrence of graphitisation was noted only in two cases in 
this study, for ta-C in pure base oil and a-C:H:WC in ZDDP solution. This may be because the 
contact stresses occurring in the loaded contacts were reduced by the presence of lubricants 
and additives [45], thus suppressing the graphitisation. However, one interesting observation 
related to graphitisation was the disruption of ZDDP pad formation on W-containing DLCs when 
graphitisation was noted (see section 5.4.1.1.2 and Fig. 5.26). 
Comparison of friction performances of a-C and a-C:H clarifies the influence of hydrogen and its 
concentration on friction. The hydrogen-free a-C coating shows lower boundary friction than the 
hydrogenated a-C coating with most additives. This indicates that absence of hydrogen in the 
coating is the key requirement for low friction behaviour irrespective of the additives used. The 
effect of hydrogen concentration in a-C:H coatings on friction was studied with base oil and 
ZDDP. Addition of hydrogen to a-C (i.e. to form a-C:H) gave an increase in boundary friction 
when rubbed in base oil. However, no further effect on friction was noted when the hydrogen 
concentration in a-C:H coating was increased above an initial 17 at%. However, when rubbed in 
ZDDP solution, addition of hydrogen to a-C coating to form a-C:H showed no effect on friction, 
nor did changes of concentration of hydrogen in a-C:H. This indicates either that presence of 
hydrogen and hydrogen concentration in a-C:H coatings does not affect friction when ZDDP is 
used or that the ZDDP-derived tribofilms formed on a-C and a-C:Hs exhibit similar friction 
properties. Similarly, higher boundary friction was noted with ta-C:H than ta-C both in base oil 
and ZDDP, which means that addition of hydrogen to ta-C increases boundary friction. TOF-
SIMS indicates that all these DLCs (a-C, a-C:H, ta-C and ta-C:H) show the formation of ZDDP-
derived products on their surfaces (Fig. 5.5) which suggests these tribofilms exhibit different 
friction properties, in particular due to the presence or absence of hydrogen in the coatings.  
When rubbed with GMO and oleic acid, a-C:H showed lower friction than a-C. But with MoDTC, 
a-C showed lower boundary friction than a-C:H. However, ta-C showed lower boundary friction 
than ta-C:H irrespective of the additives used. This, along with the results in ZDDP solution, 
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indicates that presence of hydrogen in the coating, in particular for DLCs with low sp3 content, 
can be advantageous by forming low-friction tribolayers with some additives (e.g. GMO and 
oleic acid) while not advantageous with others, possibly because the tribofilms formed from the 
latter additives in the presence of hydrogen in the coating cannot shear easily. However, 
addition of hydrogen to ta-C coating (i.e. to form ta-C:H) shows an increase in boundary friction 
irrespective of the additives used, meaning that absence of hydrogen is the key factor for the 
low-friction performance of DLCs with high sp3 content. Overall, the results suggest that the 
influence of hydrogen on friction is basically driven by the sp3 content in the DLC. 
Comparison of the boundary friction coefficients of a-C, a-C:H and a-C:H:W, as shown in Fig. 
9.1, shows an increase in friction with most additives when hydrogen is added and a further 
increase when tungsten is added. This suggests that a change in surface energy occurs due to 
the addition of hydrogen and tungsten to the coatings. This is evident from Fig. 9.2 which shows 
a decrease in contact angle when hydrogen and tungsten were added to the coating. The 
contact angle measurements were carried out using distilled water by the sessile drop method. 
The contact angle is a function of surface energy, thus a hydrophilic surface is indicated by 
smaller contact angles and higher surface energy while the reverse is true with hydrophobic 
surfaces (ta-Cs are relatively hydrophobic). Thus, as shown in Fig. 9.2, the surface energies 
and hence the interacting ability (or adhesion) of a-C:H:W is higher than a-C:H which in turn 
higher than a-C. This could partially explain the reason for increased boundary friction noted 
when hydrogen and tungsten were added to a-C coating. Thus, a-C:H:W interacts with additive 
molecules more strongly than a-C:H and a-C.  
Comparison of the boundary friction of DLC/DLC and steel/steel contacts (Fig. 9.1) indicates 
that DLC/DLC contacts have better friction properties than steel/steel contacts with most 
additives. This highlights the advantage of using DLC coatings in terms of friction performance. 
Among DLCs, ta-C coating provided lower boundary friction followed, in order, by a-C, a-C:H, 
ta-C:H, W-DLC, WC-DLC and Si-DLC with most additives. This indicates the friction 
dependence on type of DLC coatings irrespective of the additives used. One interesting 
observation noted with MoDTC was that it showed lower boundary friction with W-containing 
DLCs than with other DLCs. This was because the tribofilms formed on W-containing DLCs (i.e. 
WS2-type tribofilms, evident from Fig. 7.5) had better boundary friction properties than that 
formed on other DLCs and steel/steel contacts. Similarly, MoDTC showed lower boundary 
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friction than the other additives in steel/steel contacts. Similar behaviour was previously 
reported and attributed to the formation of MoS2 nanocrystals on steel surface [83].  
Overall, the effect of additives on friction properties of DLC/DLC contacts has been summarised 
by calculating the ratio of the friction coefficients of additive solutions and base oil as shown in 
Fig. 9.3. Values above unity in this figure means an increase in friction due to addition of 
additive and less than unity means the decrease in friction due to additive addition to base oil. It 
can be seen from this figure that most additives give a decrease in boundary friction with most 
of the DLCs except a-C:H:W. 
             
 
 
 
 
 
 
  
 
DLC/DLC 
 
Friction Coefficient 
 
Dry 
 
BO 
 
ZDDP 
ZDDP 
+ Disp. 
 
GMO 
Oleic 
acid 
 
MoDTC 
 
DURAD 
Non-
disp. 
Polymer 
Disp. 
Polymer 
 
OBCS 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
- 
0.114 
0.163 
0.125 
- 
0.077 
- 
- 
0.070 
0.092 
0.060 
0.101 
0.096 
0.058 
0.068 
0.220 
0.070 
0.071 
0.080 
0.085 
0.090 
0.055 
0.080 
0.120 
0.080 
0.085 
0.080 
0.106 
0.097 
0.045 
0.077 
0.128 
0.063 
0.052 
0.080 
0.085 
0.083 
0.041 
0.068 
0.067 
0.070 
0.040 
0.073 
0.071 
0.079 
0.060 
0.062 
0.070 
0.050 
0.063 
0.052 
0.042 
0.062 
0.063 
0.063 
0.051 
- 
0.080 
0.070 
0.076 
0.104 
0.058 
- 
- 
- 
0.073 
0.096 
0.075 
0.040 
0.050 
0.076 
0.220 
0.055 
0.040 
0.048 
0.048 
0.065 
0.018 
0.058 
0.104 
0.055 
0.064 
0.055 
0.052 
0.052 
0.048 
0.055 
0.060 
Table 9.1 Comparison of friction coefficients at 0.01 m/s for DLC/DLC contacts with different additives 
OBCS – overbased calcium alkylbenzene sulphonate detergent 
 
Fig. 9.1 Comparison of friction coefficients at 0.01 m/s for DLC/DLC contacts with different additives 
Fig. 9.1 
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Fig. 9.2 Comparison of contact angles for a-C, a-C:H and a-C:H:W, measured using distilled water 
Contact angle = 80° 
a-C 
Contact angle = 76° 
a-C:H 
Contact angle = 61° 
a-C:H:W 
Fig. 9.3 Comparison of ratio of friction coefficients of additives and base oil for DLC/DLC contacts 
Fig. 9.3 
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9.2.2 Film-forming properties in DLC/DLC contacts                                 . 
The formation of tribofilms on steel surfaces is well known and widely accepted whereas 
tribofilm formation on DLC surfaces is quite new. A better understanding of the latter was 
needed as some previous studies are contradictory [40]-[43],[49], in particular with respect to 
ZDDP tribofilm formation. The ToF-SIMS, AFM and SEM/EDX results in this study have clearly 
demonstrated the existence of a tribochemical reaction of ZDDP on or with DLCs. The main 
products, i.e. sulphates and phosphates were mapped using ToF-SIMS (Fig. 5.5) and PO2, PO3 
and PO4 were found to be the most intense peaks with all DLCs. The tribofilms peaks were 
much stronger than the thermal film in all cases. The ToF-SIMS results indicated that ZDDP-
derived tribofilms can form even on non-ferrous surfaces. In general, tribofilms on DLC surfaces 
were quite similar to those formed on steel/steel contacts, but were only of the order of 20-30 
nm thickness. The pad-like structures which are normally reported on steel surfaces were able 
to form only on one DLC which contains the metallic element tungsten (a-C:H:W). However, no 
such pads were noted on a-C:H:WC surface even though this also contained tungsten [84]. 
Also, the pad-like structure formation is known to increase mixed friction with steel surfaces. 
However, such increased mixed friction was not noted with DLCs, because firstly, pads were 
not seen with all DLCs except a-C:H:W and secondly, pads formed with a-C:H:W were very 
small and did not significantly increase roughness. The formation of tribofilms with DLC was 
found to be disrupted when dispersants were added to ZDDP, resulting in smaller amounts of 
triboelements on DLC surfaces with dispersants than without (Fig. 5.46).   
Overall it is clear that ZDDP does react in rubbing DLC/DLC contacts to form phosphorus and 
sulphur-contaning tribofilms, albeit much thinner ones than with steel. It is now known yet 
whether these films involve a specific chemical reaction with the carbon atoms of DLC or, 
perhaps more likely, are essentially products formed from ZDDP alone but stimulated by the 
rubbing process. Whichever is the case, the films are strongly bound to DLC in that they are not 
removed by rubbing.  
With GMO and oleic acid, very complex decomposition of additives occurred to form a thinner 
films than that of ZDDP. However, significant reduction in friction was noted with most DLCs 
and the friction mechanisms were notably controlled by whether or not hydrogen was present in 
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the coating. a-C and ta-C have lower friction with GMO than the corresponding hydrogenated 
DLCs 
With MoDTC, most DLCs showed rapid formation of MoSx tribofilms (Fig. 7.6) and exhibited 
lower boundary friction properties than the other additives. The low friction properties were 
found to be affected when MoO3 species were present on the wear track. The metal-free 
additive, DURAD hardly showed any tribofilms. Both non-dispersant and dispersant polymers 
formed thick boundary films on most DLCs. This was evident from the topography maps of 
DLCs shown in figures 8.11 and 8.15, respectively.  
Overbased calcium sulphonates formed tribofilms on all DLC surfaces and were similar to those 
formed on steel/steel surfaces. The CaCO3 film form immediately and the detergent molecules 
adsorb on it to form a low friction film on top of it very quickly as shown in initial Stribeck curves 
of all DLCs (Fig. 8.18). The tribofilm thickness were found to depend on DLC type, thicker films 
form on hydrogenated DLCs (a-C:H and ta-C:H), particularly on a-C:H than the other coatings. 
9.2.3 Wear resistance properties of DLC/DLC contacts                           .                              
. 
Fig. 9.4 and Table 9.2 compare the wear coefficients of DLC/DLC contacts with different 
additives. It can be inferred from Fig. 9.4 that almost all DLCs showed a reduction in wear when 
additives were used. One exception was ta-C which showed high wear when rubbed in GMO 
and oleic acid. Despite providing very low boundary friction with ta-C, these additives degraded 
the wear properties of ta-C. This is a good example of how an additive may be detrimental to 
one aspect of performance while being beneficial to another. W-containing DLCs showed higher 
wear than the other coatings with most additives except GMO. One interesting observation with 
a-C:H:W when rubbed in ZDDP solution was a more than 50% reduction in wear when tiny pads 
formed on the surface. No such wear reduction was noted with a-C:H:WC because no such pad 
formation was seen on this coating. DLCs other than W-containing DLCs showed excellent 
wear resistance properties with all additives and the base oil, in particular a-C, a-C:H, Si-DLC, 
ta-C and ta-C:H. 
The influence of hydrogen on wear resistance for DLCs with low (a-C, a-C:H) and high (ta-C, ta-
C:H) sp3 content was significant. This is evident in figures 9.5 and 9.6 that hydrogen in the 
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coating improved the wear resistance properties for DLCs with both low and high sp3 content,  
irrespective of the additives used. However, DLCs with low sp3 content have better wear 
properties than DLCs with high sp3 content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
±
NMW – no measurable wear 
 
 
DLC/DLC 
 
Wear Coefficient [x 10-17 m3/Nm] 
 
BO 
 
ZDDP 
ZDDP 
+ Disp. 
 
GMO 
Oleic 
acid 
 
MoDTC 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.16 
0.02 
9.84 
12.76 
0.22 
5.36 
0.20 
6.46 
0.19 
NMW 
3.38 
9.11 
0.26 
2.46 
0.22 
0.08 
0.11 
NMW 
9.51 
7.72 
0.08 
1.06 
0.06 
0.31 
NMW± 
NMW± 
0.51 
0.01 
0.17 
32.0 
0.06 
5.70 
0.03 
NMW± 
12.52 
12.54 
0.010 
20.00 
200.0 
0.31 
0.07 
NMW± 
9.86 
9.25 
0.24 
3.67 
0.12 
0.14 
Fig. 9.4 Comparison of wear coefficients for DLC/DLC contacts with different additives 
Fig. 9.4 
Table 9.2 Comparison of composite wear coefficients for DLC/DLC contacts with different additives 
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9.3 DLC/steel tribopair                                                                                 . 
9.3.1 Effect of additives on the boundary friction and film-forming 
properties of DLC/steel contacts                                                                . 
Fig. 9.7 and Table 9.3 compare boundary friction coefficients between steel/steel and various 
DLC/steel contacts in base oil and base oil containing an additive.  
Steel/steel contacts showed reduced boundary friction with ZDDP whether or not dispersant is 
present whereas all DLCs show an increase in boundary friction in DLC/steel compared to base 
oil. This indicates that ZDDP tribolayers formed on DLC/steel contacts have friction properties 
inferior to those formed when rubbed in base oil, showing a negative effect of ZDDP on DLCs 
when rubbed against steel. However, both DLC/steel and steel/steel contacts had similar friction 
coefficients when rubbed in ZDDP solution. This suggests that the tribofilms formed on 
DLC/steel and steel/steel contacts have similar friction properties, probably because both the 
contacts are tribofilm on tribofilm instead of DLC/steel or steel/steel. Despite showing varied 
friction behaviour with each DLC type, tribofilms were found to form on all DLCs (evident from 
Fig. 5.41). The most prominent peaks noted were PO3 and PO2 irrespective of the DLC type. In 
contrast to DLC/DLC contacts, DLC/steel contacts showed no pad formation on W-DLC and 
graphitisation was found to disrupt the pad formation. With other additives used in this study, 
DLC/steel contacts showed lower boundary friction than steel/steel contacts, indicating that the 
Fig. 9.6 Comparison of wear coefficients for DLCs 
with high sp
3
 content (ta-C and ta-C:H) 
Fig. 9.6 
Fig. 9.5 Comparison of wear coefficients for DLCs 
with low sp
3
 content (a-C and a-C:H) 
Fig. 9.5 
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tribofilms formed on DLC/steel contacts had superior friction properties than those formed on 
steel/steel contacts. 
Hydrogen-free DLCs (a-C and ta-C), in particular a-C coating showed lower boundary friction 
than the other coatings with most additives used in this study. Also, in common, both hydrogen-
free DLCs, i.e. a-C and ta-C showed better friction properties than their hydrogenated versions, 
i.e. a-C:H and ta-C:H, respectively. This indicates a negative effect of hydrogen on boundary 
friction. As observed with DLC/DLC contacts, most DLCs showed excellent low boundary 
friction properties when rubbed under dry condition. 
Overall, the effect of additives on friction properties of DLC/steel contacts has been summarised 
by calculating the ratio of friction coefficients of additive solutions and base oil as shown in Fig. 
9.8. Values above unity in this figure means increase in friction due to addition of additive and 
less than unity means the decrease in friction due to additive addition to base oil. It can be seen 
from this figure that most of the additives except ZDDP and dispersant-containing ZDDP give 
decrease in boundary friction when additive is present. 
Comparison of the friction coefficients of DLC/DLC and DLC/steel contacts as shown in figures 
9.1 and 9.7, respectively, indicate that most DLC/steel contacts (except a-C/steel with friction 
modifiers) show increase in boundary friction compared to DLC/DLC contacts. This suggests 
that even though DLCs are known to exhibit low friction boundary friction properties, when one 
of the contact surfaces is steel this low friction is lost or degraded during reaction of ZDDP with 
steel [84]. It can therefore be concluded that coating both the surfaces is more advantageous in 
terms of friction than coating one of the surfaces for the test conditions used in this study. 
Podgornik et al. reported that coating one of the surfaces was found to be more advantageous 
than both the surfaces [40]. However, it is important to note the differences in the test conditions 
used in these two studies. Their tests were carried out at 2.4-5.6 GPa contact pressure and only 
for WC-DLC with EP and AW additives whereas in the current study a wide range of DLCs with 
different additives were evaluated at 1 GPa.  
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DLC/steel 
 
Friction Coefficient 
 
Dry 
 
BO 
 
ZDDP 
ZDDP 
+ Disp. 
 
GMO 
Oleic 
acid 
 
MoDTC 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
- 
0.126 
0.143 
0.137 
- 
0.076 
- 
- 
0.097 
0.100 
0.095 
0.090 
0.104 
0.064 
0.080 
0.220 
0.110 
0.110 
0.110 
0.110 
0.130 
0.075 
0.103 
0.120 
0.100 
0.111 
0.113 
0.117 
0.109 
0.101 
0.107 
0.128 
0.026 
0.066 
0.060 
0.088 
0.100 
0.067 
0.067 
0.067 
0.043 
0.072 
0.101 
0.093 
0.070 
0.058 
0.055 
0.070 
0.040 
0.056 
0.070 
0.042 
0.045 
0.062 
0.081 
0.051 
  
 
 
Table 9.3 Comparison of friction coefficients at 0.01 m/s for DLC/steel contacts with different additives 
Fig. 9.7 Comparison of friction coefficients at  0.1 m/s for DLC/steel contacts with different additives 
Fig. 9.7 
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9.3.2 Wear resistance properties of DLC/steel contacts                        .                                                                 
. 
Fig. 9.9 and Table 9.4 compare the wear coefficients of steel/steel and various DLC/steel 
contacts. It can be inferred that a-C, a-C:H and Si-DLC show negligible wear with most 
additives and, indeed, with base oil. However, in contrast to DLC/DLC contacts, all DLCs 
showed increased wear when rubbed in oleic acid and MoDTC. a-C:H coating showed better 
wear properties than a-C except with oleic acid and MoDTC, indicating the advantage of having 
hydrogen in the coating. However, no straightforward wear trend based on hydrogen was noted 
for ta-C and ta-C:H. Among W-containing DLCs, a-C:H:W showed better wear properties than 
a-C:H:WC with all additives. 
Fig. 9.8 Comparison of ratio of friction coefficients of additives and base oil for DLC/steel contacts 
Fig. 9.8 
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DLC/steel 
 
Wear Coefficient [x 10-17 m3/Nm] 
 
BO 
 
ZDDP 
ZDDP 
+ Disp. 
 
GMO 
Oleic 
acid 
 
MoDTC 
a-C 
a-C:H 
a-C:H:W 
a-C:H:WC 
Si-DLC 
ta-C 
ta-C:H 
Steel/steel 
0.06 
0.06 
10.5 
3.02 
0.21 
3.30 
8.21 
6.46 
0.14 
0.02 
8.35 
9.89 
3.47 
0.86 
3.27 
0.08 
0.14 
0.04 
10.33 
12.42 
0.21 
0.39 
0.44 
0.31 
0.57 
0.02 
3.61 
16.5 
0.72 
3.22 
0.58 
5.70 
0.80 
1.70 
1.90 
17.0 
8.16 
9.00 
1.60 
0.31 
10.90 
22.00 
4.450 
12.12 
16.52 
3.440 
12.10 
0.14 
Table 9.4 Comparison of composite wear coefficients for DLC/steel contacts with different additives 
Fig. 9.9 Comparison of wear coefficients for DLC/steel contacts with different additives 
Fig. 9.9 
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9.4 Comparison of ball and disc wear in DLC/DLC and DLC/steel 
tribopairs                                                                                                       . 
The wear coefficients of disc and ball in DLC/DLC and DLC/steel contacts were compared with 
steel/steel contacts and the comparison is shown in figures 9.10 and 9.11, respectively. The 
following discussion will be referred to figures 9.10 and 9.11. It is important to note that the 
vertical scales of these figures are different since ball wear rate was generally less than disc 
wear rate. 
9.4.1 Comparison of disc wear in DLC/DLC and DLC/steel tribopairs    .                                                                                               
Fig. 9.10 compares the wear coefficients of disc in DLC/DLC and DLC/steel contacts with 
steel/steel contacts. In general, a-C, a-C:H and Si-DLC showed less wear than the other 
coatings, in particular a-C:H showed no measurable wear. Normally, DLC discs in DLC/steel 
contacts are expected to show less wear than DLC discs in DLC/DLC contacts as the relatively 
softer steel counter-surface imparts less wear on the harder DLC. With base oil, this behaviour 
was noted with most cases except with a-C:H:WC and ta-C:H. With a-C:H:W, a slight increase 
in disc wear could be attributed to the occurrence of rapid transfer layer formation on the steel 
counterpart, which essentially resulted in more wear on the DLC disc. Rapid transfer layer 
formation was also noted in the rolling-sliding friction test, evident from the interference images 
(Fig. 4.24c), causing higher disc wear in DLC/steel contacts than in DLC/DLC contacts. A 
similar phenomenon could explain the higher wear on the DLC disc of ta-C:H in DLC/steel 
contacts than in DLC/DLC contacts. However, no such transfer layer was noted on the steel ball 
rubbed against ta-C:H in rolling-sliding test (Fig. 4.24g). It should also be noted that hydrogen in 
the coating improved the wear resistance of a-C:H and ta-C:H coatings, as can be seen by 
comparing a-C and ta-C with a-C:H and ta-C:H, respectively. The DLC discs when rubbed in 
base oil, both in DLC/DLC and DLC/steel contacts showed less wear than steel disc in 
steel/steel contacts. This demonstrates the advantage of DLC coatings as a potential wear 
resistance material even in the absence of antiwear additives, which are normally required to 
prevent wear on steel surfaces. 
In the presence of additives, the expectation that DLC discs in DLC/steel contacts give less 
wear than in DLC/DLC contacts need not be true if the contact conditions are altered by tribofilm 
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formation or surface graphitisation. But, since graphitisation was noted and reported [45] to be 
suppressed in the presence of lubricants and additives, tribofilm formation was expected to be 
solely responsible for altering (either enhancing or degrading) the wear behaviour.  
With a-C, DLC discs showed similar wear properties with most additives as the contacts were 
mostly tribofilm on tribofilm rather than either DLC on DLC or DLC on steel. However, oleic acid 
and MoDTC degraded the wear properties of a-C, a-C:H and Si-DLC. Interestingly, these three 
coatings had higher H/E ratio than the other coatings. This indicates that although high H/E ratio 
is one of the requirements for high wear resistance in coatings, this can be degraded by 
unsuitable additives and counterface material as noted with a-C, a-C:H and Si-DLC when 
rubbed in oleic acid and MoDTC in the presence of steel counterpart. a-C:H showed no 
measurable wear with most additives and appeared to be the best coating in terms of wear 
resistance. The DLC discs of a-C and a-C:H, both in DLC/DLC and DLC/steel showed less wear 
than steel discs in steel/steel contacts. This indicates that the tribofilms formed on a-C and a-
C:H were superior to those formed on steel/steel contacts. The discs of Si-DLC, both in 
DLC/DLC and DLC/steel contacts, showed quite similar wear coefficients and are comparable 
with steel discs in steel/steel contacts. Even though quite a different surface was tested, i.e. 
DLC/DLC, DLC/steel and steel/steel, all the discs showed similar wear coefficients. This could 
be attributed to the fact that the tribofilms formed on these discs have similar wear properties. 
a-C:H:W notably showed less wear in DLC/DLC contacts than in DLC/steel contacts when 
rubbed in ZDDP solution because of the formation of tiny ZDDP pads, whereas with most other 
additives, a-C:H:W /steel contacts showed better wear properties. However, the wear 
coefficients of the disc were in the range of 2-4 x 10-17 m3/N m both in DLC/DLC and DLC/steel 
contacts. a-C:H:WC showed similar wear coefficients with all additives in both DLC/DLC and 
DLC/steel contacts, probably because the tribofilms had similar wear properties. However, both 
a-C:H:W and a-C:H:WC had poorer wear resistance properties compared to steel/steel 
contacts. 
With most additives, ta-C discs showed less wear in DLC/steel than in DLC/DLC contacts. 
Despite showing excellent friction properties with ta-C when rubbed in GMO and oleic acid, the 
wear properties were degraded by these additives in DLC/DLC contacts. Steel/steel contacts 
exhibited better wear properties than ta-C in DLC/DLC and DLC/steel contacts, which means 
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that the additives were more effective on steel/steel contacts than DLC/DLC and DLC/steel 
ones. Except with oleic acid, ta-C:H showed excellent wear resistance in DLC/DLC contacts, 
and better than in DLC/steel. Also, ta-C:H in DLC/DLC contacts exhibited better wear properties 
than steel/steel contacts. The presence of hydrogen in ta-C:H improved its wear resistance. 
9.4.2 Comparison of ball wear in DLC/DLC and DLC/steel tribopairs     .                                                                                                        
Fig. 9.11 compares the wear coefficients of ball in DLC/DLC and DLC/steel contacts with 
steel/steel contacts. Normally, steel balls in DLC/steel contacts are expected to show more 
wear than DLC balls in DLC/DLC contacts as they are rubbed against a relatively harder DLC 
coating. This is evident with DLCs a-C, a-C:H, Si-DLC, ta-C and ta-C:H when lubricated by most 
additives in solution. Also, steel balls in DLC/steel contacts are expected to form thick tribofilms 
and have better wear prevention. However, if the tribofilms are not strong enough to sustain the 
wear, the former mechanism becomes active i.e. harder DLC impart large wear on steel balls. 
The examples of cases where additives were able to withstand wear are steel balls that rubbed 
against a-C:H:W and a-C:H:WC. Even though a-C:H:W and a-C:H:WC were harder than steel 
balls that rubbed against them steel balls showed lesser wear. This is a classical example of the 
dominant role of additives from wear prevention when in contact with harder DLC coatings. The 
presence of hydrogen in coatings improved the wear resistance of both a-C:H and ta-C:H 
coatings. It is important to note that with most additives, steel balls in steel/steel contacts 
showed less wear than steel balls in DLC/steel contacts. This indicates that tribofilms formed on 
steel/steel contacts were superior to those formed on DLC/steel contacts.  
It should be noted that disc wear is higher than the ball wear for almost all DLCs tested with all 
additives. One possible explanation considered for this was that the rubbed, out-of-contact 
DLC-coating on the disc was susceptible to rapid oxidation to form CO2, thus producing material 
loss seen as wear. To test this, a four hour DLC/DLC wear test was carried out in a dry nitrogen 
atmosphere. However this gave even higher disc wear than in the corresponding test in air. The 
reason for the large difference in wear of the ball and disc when both surfaces are coated with 
DLC is thus not yet understood and further work is needed. 
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Fig. 9.10 Comparison of wear coefficients of disc in DLC/DLC and DLC/steel contacts with different additives  
Fig. 9.10e 
Fig. 9.10g 
Fig. 9.10c 
Fig. 9.10d 
Fig. 9.10b Fig. 9.10a 
Fig. 9.10f 
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Fig. 9.11 Comparison of wear coefficients of ball in DLC/DLC and DLC/steel contacts with different additives  
Fig. 9.11e 
Fig. 9.11a Fig. 9.11b 
Fig. 9.11c Fig. 9.11d 
Fig. 9.11g Fig. 9.11f 
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9.5 Overall summary of wear and friction of DLC systems                      . 
Fig. 12 provides a cross-plot of composite wear coefficient versus low speed friction coefficient 
for all the DLC and additive systems studied. If wear and friction correlate the data points should 
lie on a straight line passing through the origin. In practice, and as expected, this is not the case 
for many systems. The diagrams show clearly that a-C and ta-C have generally low friction 
properties while a-C, a-C:H and Si-DLC have high generally wear resistance properties with 
almost all additives. The figure also highlights some important systems that give attractively low 
friction but high wear – particularly some systems where MoDTC is present. This emphasizes 
the importance of not focusing too heavily on only one property when selecting a tribological 
system. 
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Fig. 9.12 Comparison of friction vs. Composite wear coefficients for (a) DLC/DLC and (b) DLC/steel 
contacts with different additives 
Fig. 9.12 (a) 
Fig. 9.12(b) 
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Chapter 10 
CONCLUSION AND SUGGESTIONS FOR 
FUTURE WORK 
 
 
 
 
 
 
 
This chapter recalls the entire study, outlines the important findings and 
concludes with some suggestions for future work in the field. 
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10.1 Conclusion                . 
The film-forming, friction and wear properties of a wide range of DLC coatings lubricated by 
several different lubricants have been investigated. Lubricants of interest are a base oil and 
solutions of ZDDP with and without monosuccinimide dispersant, GMO, oleic acid, MoDTC, a 
metal-free phosphorus additive (DURAD), two polymers and overbased calcium sulphonate 
detergent. Both DLC/DLC and DLC/steel combinations have been studied and their 
performance compared with a reference steel/steel tribopair. The friction properties were 
evaluated using MTM rig under mixed rolling-sliding condition as described in section 3.3.1, 
Chapter 3 and the wear properties were evaluated under pure sliding condition described in 
section 3.3.2, Chapter 3. The friction and wear properties were found to be dependent on 
various factors such as DLC type, hydrogen and tungsten content in the coating, sp3 content, 
additives used, counterface material, graphitisation, tribofilm formation, etc. The important 
findings are summarised in the following sections. 
1. All DLC types investigated in this study provided lower boundary friction than steel/steel 
contacts in base oil and in most additivated solutions. 
2. In general, the boundary friction was dependent on DLC type, i.e. ta-C coating showed 
lower boundary friction with most additives followed, in order, by a-C, a-C:H, ta-C:H, W-
DLC, WC-DLC and Si-DLC coatings. 
3. In general, with most additives, hydrogen-free DLCs (i.e. a-C and ta-C) showed lower 
boundary friction than the hydrogenated DLCs (i.e. a-C:H and ta-C:H). 
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4. Hydrogenated DLCs (a-C:H and ta-C:H) provided better wear resistance than hydrogen-
free DLCs, indicating that hydrogen plays a significant role in the wear resistance of 
coatings. 
5. Hydrogen concentration in a-C:H coatings has no effect on friction and wear for 
DLC/DLC contacts rubbed in base oil and ZDDP solution. 
6. Tungsten concentration in W-containing DLCs has no effect on friction and wear for 
DLC/DLC contacts rubbed in base oil whereas it increase in wear as a function of 
tungsten concentration was noted when rubbed in ZDDP solution. Tungsten 
concentration also affects the tribofilm-forming properties of ZDDP. 
7. The formation of a carbon transfer layer on the steel counterparts of a-C:H:W and a-
C:H:WC was significant and rapid compared to that on the other coatings. The carbon 
transfer layer on steel counterpart disrupts the tribofilm formation, as noted with a-
C:H:WC in ZDDP solution. 
8. The formation of tribofilms by most additives was noted on all DLC surfaces.  
9. With ZDDP, pad-like structures were able to form only on a-C:H:W in DLC/DLC contacts. 
These pads were tiny of 30 nm diameter and had low friction and improved wear 
resistance properties. 
10. Tribofilm formation on DLC surfaces by ZDDP was disrupted when dispersants were 
added to ZDDP solution; the dispersants appear to block the DLC surface from 
interacting with ZDDP molecules. 
11. The possible low-friction mechanisms with GMO and oleic acid in DLC/DLC contacts, 
either glycerol-DLC or acid-DLC interaction is decided by whether or not hydrogen is 
present in the coating rather than sp3 content, whereas in DLC/steel contacts, sp3 
content is important rather than hydrogen in the coating. In general, glycerol-DLC 
interaction appears to be the responsible low friction mechanism for hydrogen-free DLCs 
and acid-DLC interaction for hydrogenated DLCs. 
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12. Superlow boundary friction (0.0038) was noted with ta-C/steel in GMO solution and ta-
C:H/steel in oleic acid solution in pure sliding condition. Both were noted with DLCs 
having high sp3 content and in pure sliding condition. 
13. All DLC types, both in DLC/DLC and DLC/steel contacts when rubbed in MoDTC 
solution showed the formation of MoSx tribolayers on wear track and this resulted in 
reduced boundary friction. However, MoDTC degrades the wear properties of DLCs in 
DLC/steel contacts. 
14. The metal-free additive, DURAD showed improved wear properties with all DLCs except 
ta-C in DLC/DLC contacts. 
15. Dispersant polymers showed excellent friction properties with all DLCs.  Non-dispersant 
polymers reduced boundary friction with some DLCs, although normally less than 
dispersant-functionalised polymers. 
16. Overbased calcium sulphonate detergents form thick boundary films on hydrogenated 
DLCs than the other coatings and these give low boundary friction that increases 
log/linearly with speed, characteristic of an effective organic friction modifier. 
17. ta-C was expected to provide better wear resistance than the other coatings as it had 
high sp3 content and high H/E ratio. However, this was not noted and it appears from 
this study that high H/E ratio and low sp3 content appears to be the two important 
requirements for high wear resistance in DLC coatings with most additives tested. This is 
evident from the wear results of a-C, a-C:H and Si-DLC that showed less or negligible 
wear than the other coatings.  
18. The tribofilms formed on steel/steel contacts were found to be superior to those formed 
on DLC/steel contacts as steel balls in steel/steel contacts showed less wear than steel 
balls in DLC/steel contacts. 
19. In many cases, DLC systems that give low friction do not give low wear and vice versa.  
This is particularly the case when using ta-C and with MoDTC where some low friction 
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was often associated with high wear.  This means that care should be taken in selecting 
DLCs and additives depending on which of these two properties is most important. 
10.2 Suggestions for future work             . 
This section will present some suggestions for future work. Friction, wear and film-forming 
properties of various DLCs with different additives have been evaluated in this study. The 
tribofilm formation on various types of DLC has been evidenced. However, how the tribofilms 
are bound to the DLC surface and how strong the tribofilms for different load/speed combination 
are have not been studied and are of future interest.  
1. In-depth analysis of additive films on DLC using FIB and TEM to understand the 
morphology and nature of tribofilms. Further analysis using XPS to understand the 
tribochemistry.  
2. Testing up to critical condition would be interesting to see at what load and speed do 
DLCs fail (breakdown/scuff) compared to steel in lubricated contacts. This would help to 
identify the yield point and to determine the margin for safe operation. 
3. More work to understand why disc wears more than ball. This is still unclear and the 
wear mechanism for this phenomenon needs to be understood. It may be worth trying to 
test at different slide-roll ratio and low contact pressure. It may also be worth trying to 
interchange the ball and disc materials to see if the phenomenon still exists, and also to 
see the effect on friction and wear. 
4. Behaviour of low SAPS (Sulphated Ash, Phosphorus and Sulphur) oils on different DLCs 
would be another interesting future work. Significant restrictions in the levels of SAPS 
demands a replacement for ZDDP, so ashless P- and P-S based antiwear additives are 
potential candicates. It would be interesting to know how these additives work with 
various types of DLC coating. 
5. How would the various kinds of DLC respond to formulated oils would also be of 
significant interest as future work.  
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Appendix 1 
Surface Parameters 
 
Ra, represents the average roughness, the arithmetic mean of the absolute values of the 
surface height relative to the reference mean plane. The problem with using Ra is that it 
averages out the data, meaning it cannot detect the presence or absence of infrequently 
occurring peaks and deep valleys. In fact, surfaces with the same Ra can have a markedly 
different surface features, in which case other surface parameters (e.g. skewness or kurtosis) 
should be used to distinguish the surfaces. 
Rq, represents the root mean square (RMS) roughness, obtained by squaring the surface 
height, then taking the square root of the mean. If a surface contains no large deviations from 
the mean surface, the Rq and Ra will be similar. However, if there are applicable numbers of 
large bumps or holes, then Rq will be larger than Ra. This is because the height values are 
squared, the Rq is more sensitive to peaks and valleys than Ra. This makes it a better parameter 
for discriminating between different types of surfaces. However, if surfaces have similar Rq 
values, other surface parameters (e.g. skewness or kurtosis) should be used to distinguish the 
surfaces. 
Rsk, skewness, is a measure of asymmetry of the surface about the mean plane. If the surfaces 
have the same Ra or Rq values, skewness is the right parameter to distinguish the difference 
between surfaces.  If the measured surface is smooth, but with deep scratches or pits, the 
profile will clearly be asymmetric and will have a definite negative skewness. While, the smooth 
surfaces covered with dust or contaminants will have a positive skewness. Thus the 
predominance of bumps and peaks on a surface will have a positive skewness, and the 
predominance of holes or valleys in a surface will have a negative skewness. Negative 
skewness from -1.6 to -2.0 (often specified) is used as a criterion for a good bearing surface. 
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Rku, kurtosis, is a measure of peakedness of the surface or a measure of randomness of 
surface heights. Kurtosis values can range from 0 to 9, with a perfectly Gaussian or random 
surface having a kurtosis of 3. The farther the value is from 3, the less random (more repetitive) 
the surface is. Surfaces with fewer high and low extreme points than a Gaussian surface have 
Rsk < 3 (e.g. valleys were filled with a coating or tribofilm formation); those with an appreciable 
number of high and low extremes have Rsk > 3 (e.g. if the peaks were compressed for an 
applied load). 
Rk, core roughness depth, is the working part of the surface. It will, after the initial running-in 
period, carry the load and influence life and performance. 
Rpk, reduced peak height, the top portion of the surface which will be worn away in the running-
in period. This is shown in the bearing ratio curve in Fig. A. 
Rvk, reduced valley depth, the lowest part of the surface which has the function of retaining the 
lubricant. This is shown in the bearing ratio curve in Fig. A. 
 
 
 
Mr1, peak material component, the bearing ratio at which Rpk and Rk meet. This is the upper limit 
of the core roughness profile. 
Mr2, valley material component, the bearing ratio at which Rvk and Rk meet. This is the lower 
limit of the core roughness profile. 
V1, material filled profile peak volume, is a measure of the volume of material that will be 
removed in the running-in period. This is a normalized parameter, with units of volume/area = 
height. 
V2, lubricant filled profile valley volume, is a measure of the volume of material that will retain 
lubricant during operation. This is a normalized parameter, with units of volume/area = length. 
 
Fig. A1.1 Bearing ratio curve, reproduced from [9] 
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No 
 
Designation 
Ra 
(nm) 
Rq 
(nm) 
Rsk Rku Rpk 
(nm) 
Rvk 
(nm) 
Mr1 
(%) 
Mr2 
(%) 
V1 V2 
1 a-C:H:W 1 9.8 17.7 8.6 355 26.1 23.7 9.2 89.5 1.2 1.2 
2 a-C:H:W 2 25.5 35.5 3.1 238 66.2 36.9 9.9 89.3 3.3 1.9 
3 a-C:H:W 3 8.7 13.8 0.7 216 17.8 16.3 9.8 90.1 0.8 0.8 
4 a-C:H:W 4 28.6 66.2 -6.6 359 134.2 79.4 14.4 89.0 9.7 4.3 
5 Si-DLC 21.4 28.0 1.0 13 39.8 23.4 11.7 91.5 2.3 0.9 
6 ta-C 1 23.3 40.8 -0.5 64 69.7 53.7 11.6 88.4 4.0 3.0 
7 ta-C 2 25.6 44.8 2.6 48 76.8 64.6 13.6 89.2 5.3 3.4 
8 ta-C:H 45.2 90.1 3.4 55 212.4 83.9 13.7 87.7 14.7 5.1 
9 a-C 10.1 15.8 2.0 246 18.8 21.9 8.7 88.7 0.8 1.2 
10 a-C:H 1 11.1 14.3 -0.6 11 12.8 16.5 9.1 89.7 0.5 0.8 
11 a-C:H 2 15.5 21.8 9.6 242 24.3 20.2 9.6 90.3 1.1 0.9 
12 a-C:H 3 9.7 12.5 -0.8 17 11.7 15.6 9.2 89.8 0.5 0.8 
13 a-C:H 4 8.5 10.8 -0.1 5 10.9 12.0 9.3 90.3 0.5 0.5 
14 a-C:H 5 10.3 13.7 -0.2 33 16.3 18.5 9.3 89.8 0.7 0.9 
15 AISI 52100 
Steel 
7.6 10.3 -2.9 85 9.5 13.9 8.8 89.4 0.4 0.7 
Table A.1.1 Surface parameters of DLC coatings studied in this work 
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Appendix 2 
Additional Results For DLCs With 
Oleic Acid Solution 
 
The Stibeck curves, AFM topography and lateral force maps and wear maps for DLC/DLC and 
DLC/steel contacts after 2 hours rubbing in oleic acid solution are presented here. 
Stribeck Curves for DLC/DLC contacts                                                                                   . 
a-C/a-C + Oleic acid 
 
DLC1/DLC1 + Oleic 
acid 
Fig. A2.1a 
 
Fig. 4.87a 
a-C:H/a-C:H + Oleic acid 
 
DLC2/DLC2 + Oleic acid 
Fig. A2.1b 
 
Fig. 4.87b 
a-C:H:W/a-C:HW + Oleic acid 
 
DLC3/DLC3 + Oleic acid 
Fig. A2.1c 
 
Fig. 4.87c 
a-C:H:WC/a-C:H:WC +  
Oleic acid 
 
DLC4/DLC4 + Oleic 
acid 
Fig. A2.1d 
 
Fig. 4.87d 
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AFM data for DLC/DLC contacts 
 
 
 
 
 
 
 
 
 
 
Fig. A2.1 Evolution of friction for DLC/DLC and steel/steel contacts in oleic acid solution 
ta-C:H/ta-C:H + Oleic acid 
 
DLC7/DLC7 + Oleic acid 
Fig. A2.1g 
 
Fig. 4.87g 
Steel/steel + Oleic acid 
 
Steel/steel + Oleic acid 
Fig. A2.1h 
 
Fig. 4.87h 
Si-DLC/Si-DLC + Oleic acid 
 
DLC5/DLC5 + Oleic acid 
Fig. A2.1e 
 
Fig. 4.87e 
ta-C/ta-C + Oleic acid 
 
DLC6/DLC6 + Oleic 
acid 
Fig. A2.1f 
 
Fig. 4.87f 
Fig. A2.2 AFM (a) topography, (b) lateral force and (c) derivative of topography of DLC surfaces in DLC/DLC 
contacts after 2 hours rubbing in oleic acid solution  
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Wear tracks for DLC/DLC contacts 
Fig. A2.3 Wear tracks from pure sliding wear tests of DLC/DLC 
contacts after 4 hours rubbing in oleic acid solution 
(a) a-C 
 
(a) DLC 1 
(b) a-C:H 
 
(b) DLC 2 
DLC Discs 
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DLC Balls 
 
DLC Balls 
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(f) ta-C 
 
(f) DLC 6 
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(e) Si-DLC 
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Friction response of DLC/DLC contacts from pure sliding wear tests 
 
 
 
 
 
 
 
 
 
Stribeck Curves for DLC/steel contacts                                                                                  . 
a-C/steel + Oleic acid 
 
DLC1/steel + Oleic acid 
Fig. A2.5a 
 
Fig. 4.97a 
a-C:H/steel + Oleic acid 
 
DLC2/steel + Oleic acid 
Fig. A2.5b 
 
Fig. 4.97b 
a-C:H:W/steel + Oleic acid 
 
DLC3/steel + Oleic acid 
Fig. A2.5c 
 
Fig. 4.97c 
a-C:H:WC/steel + Oleic acid 
 
DLC4/steel + Oleic acid 
Fig. A2.5d 
 
Fig. 4.97d 
Fig. A2.4 Comparison of friction coefficients of DLC/DLC contacts obtained from 
pure sliding wear tests in oleic acid solution 
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AFM data for DLC/steel contacts 
 
 
 
 
 
 
 
 
 
 
Fig. A2.6 AFM (a) topography, (b) lateral force and (c) derivative of topography of DLC surfaces in DLC/steel 
contacts after 2 hours rubbing in oleic acid solution  
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Fig. A2.5 Evolution of friction for DLC/steel and steel/steel contacts in oleic acid solution 
Si-DLC/steel + Oleic acid 
 
DLC5/steel + Oleic acid 
Fig. A2.5e 
 
Fig. 4.97e 
ta-C/steel + Oleic acid 
 
DLC6/steel + Oleic 
acid 
Fig. A2.5f 
 
Fig. 4.97f 
ta-C:H/steel + Oleic acid 
 
DLC7/steel + Oleic acid 
Fig. A2.5g 
 
Fig. 4.97g 
Steel/steel + Oleic acid 
 
Steel/steel + Oleic acid 
Fig. A2.5h 
 
Fig. 4.97h 
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Wear maps for DLC/steel contacts  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Steel Balls 
 
Steel Balls 
Fig. A2.7 Wear tracks from pure 
sliding wear tests of DLC/steel 
contacts after 4 hours rubbing in 
oleic acid solution 
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Friction response of DLC/steel contacts from pure sliding wear tests 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A2.8 Comparison of friction coefficients of DLC/steel contacts obtained from 
pure sliding wear tests in oleic acid solution 
